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The foremost aim of endodontic treatment is the complete removal of micro-organisms, their by- 
products and pulpal tissue remnants. Currently, chemo-mechanical preparation (chemical irrigant 
combined with mechanical instrumentation) of the root canal system is in use. Bacteria are naturally 
present in oral milieu as biofilm which is known to be a survival mechanism of bacteria. Previous 
literatures have shown that conventional endodontic disinfection techniques are not able to disinfect 
the root canal completely. Therefore, the limitations of the conventional root canal disinfection 
procedures demand the need of alternative disinfection strategies. In this study, High Intensity 
Focused Ultrasound (HIFU) was used as one of these potential methods. To verify our hypothesis, the 
effect of HIFU on planktonic suspensions and biofilm of Enterococcus faecalis (E. faecalis) on 
different substrates were analysed.  
The main aims of this study were to examine the potential of HIFU as an alternative and efficient 
method for root canal disinfection. To achieve our aims, sequential phase wise studies were 
conducted. The objective of Phase 1 was to study the effect of HIFU on E. faecalis planktonic 
suspensions. The results indicated that a bactericidal effect of HIFU was time dependent i.e. a 
significant reduction in Colony forming units (P ≤ 0.05) was found with increasing HIFU exposure. 
Phase 2 was carried out to study the effect of HIFU on two-week old E. faecalis biofilms on glass-
bottom petri dish at different time periods of 30, 60, 120 s. The results from these experiments 
showed significant increase in CFU after HIFU exposure for 30 s compared to the control group (P ≤ 
0.001). At 60 s exposure to HIFU, the CFU was significantly higher than the control group (P ≤ 0.05). 
Furthermore, a significant reduction in biofilm thickness was found with increased exposure time of 
HIFU. 
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In Phase 3, the effect of HIFU was observed on biofilm attached to  root dentin disc and whole root 
canal dentin. The results were analysed by CFU, SEM and CLSM. From 30 s exposure, the biofilm 
removal effect of the HIFU can be clearly seen when compared to the control. However, 120 s 
exposure showed to be the most effective in the removal of biofilm. Significant increase (P ≤ 0.05) in 
CFU was found till 30 s exposure to HIFU in comparison to the control group. However, at 60 and 
120 s, the CFU values were significantly decreased compared to the 30 s exposure. In addition, there 
was a significant reduction (P ≤ 0.05) in the biofilm thickness with the increase in the exposure time 
to HIFU. In Phase 4, experiments were performed using different irrigants which are widely used in 
endodontics for disinfection of root canal system in adjunct with HIFU. We found “HIFU + NaOCl” 
group to be significantly effective in terms of biofilm removal and killing of E. faecalis biofilms 
compared to the control (P ≤ 0.05). 
In summary, this study highlighted the potential application of HIFU as a novel method for 
root canal disinfection for the potential for clinical application. 
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1  Chapter I – Introduction 
From the early discovery of oral bacteria in the late 1600’s (Bibel, 1983), the knowledge of oral and 
odontogenic disease has increased tremendously. In early 1894, Miller discovered that bacteria could 
infect and persist in the pulpal tissues causing pulpal alterations (Miller, 1894). Although this study 
reformed the way we looked at bacterial contribution in the pulpal symptoms and pulpal changes, it 
was ambiguous until 1960’s that bacteria was actually found to be related to endodontic pathology. 
The classical study by Kakehashi et al.(1965) was the first to demonstrate the existence of bacteria in 
the pulpal tissues leading to pulpal pathology and periapical breakdown. In this study, the group 
showed this finding involving a group of germ-free rats that had pulpal exposure; and a second group 
of rats with normal oral bacteria flora but similar pulpal exposure. The germ-present rats developed 
pulpal necrosis and periapical periodontitis when compared to germ-free rats which showed no signs 
of pulpal pathology or insult. This led to a more scientific based understanding of endodontics. It has 
been reported that more than 700 bacterial species are residents of the human oral cavity (Paster and 
Dewhirst, 2000). It is a common knowledge that dental caries is the primary condition which is 
caused mainly by bacteria and this is one of the most common routes whereby bacteria enter the pulp 
from the oral cavity. These microbes once inside the tooth reside within the dentinal tubules and 
contaminate dental pulp which results in pulpal infection. The lack of an efficient collateral 
circulation within the pulp, results in a failure of the body to clear the infection or to benefit from the 
immune mechanisms of the body. The root canal system provides a condusive environment for 
microbes and toxins followed by healing impairment leading to primary root canal infection. 
Primary root canal infection is defined as infectious disease caused by microorganisms colonizing the 
root canal system (Kakehashi et al., 1965; Moller et al., 1981; Sundqvist, 1976). Primary endodontic 
infections are polymicrobial in nature. Microorganisms most frequently found are gram- negative 
anaerobic rods, gram-positive anaerobic cocci, gram positive anaerobic, facultative rods, 
Lactobacillus and Streptococcus species (Sundqvist, 1994). Root canal treatment is the conventional  
treatment of primary root canal infection (Haapasalo, 2005) which aims to eliminate the infection 
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from the root canal and prevent reinfection (Sjögren, 1990). However, it has been shown that after 
root canal treatment, persistent infection can lead to root canal failure with secondary root canal 
infection (Pinheiro et al., 2003; Sundqvist et al., 1998). Secondary root canal infection occurs due to 
viable bacteria harbouring within the root canal system which includes the dentinal tubules, accessory 
canals, isthmuses (Buck et al., 2001; Nair et al., 2005; Safavi et al., 1990).   
One of the resistant microbes found in secondary root canal infection  is Enterococcus faecalis (E. 
faecalis), which is a gram positive coccus (de Paz, 2007; Murray, 1992) existing as a normal 
commensal of the intestine and has been reported with a low prevalence in primary endodontic 
infections. However, studies have shown its prevalence ranging from 24% to 77% in secondary 
infections (Hancock et al., 2001; Stuart et al., 2006). The pathogenicity of E. faecalis is due to its 
ability to adapt to the varying environment, inherent antimicrobial resistance and capability to form 
biofilm on root canal surfaces (Duggan and Sedgley, 2007; Lin et al., 1992).  
Biofilms are microbial communities encased by extracellular polysaccharides (EPS) produced by 
these microbial cells, which adhere to the interface of a liquid or a solid surface (Costerton and Keller, 
2007). These are present in necrotic pulp canal spaces of primary and secondary infections (Ricucci 
and Siqueira, 2010). Bacteria in a biofilm are different in phenotype and more resistant to 
antimicrobials than their corresponding planktonic state (Ceri et al., 1999; Costerton, 1999; Gilbert et 
al., 1997; Millward and Wilson, 1989). The aim of root canal treatment is to render the root canal 
system bacteria free which is a challenging task owing to the complicated anatomy of the root canal 
system. Additionally, conventional techniques of root canal disinfection using mechanical 
instrumentation with the usage of hand and rotary instruments (Bystrom and Sundqvist, 1981) have 
shown to reduce bacteria within the root canal system. However, significant portions of root canal 
wall may not be thoroughly debrided during instrumentation, (Peters et al., 2001; Wu et al., 2003b) 
leaving behind viable bacteria. Similarly, Ørstavik et al. also reported inadequate antibacterial 
efficiency of mechanical preparation (Orstavik et al., 1991).  
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One of the options was the use of chemico-mechanical instrumentation whilst it was shown to reduce 
the bacterial load, complete disinfection was challenging (Bystrom et al., 1985). Additionally, several 
studies stated the presence of remaining microbes even after instrumentation and irrigation with 25% 
(Vianna et al., 2006), 20% (Bystrom and Sundqvist, 1983), and 65 % (Kvist et al., 2004) of sodium 
hypochlorite (NaOCl). NaOCl is the most widely used endodontic irrigating solution. However, the 
main limitations of conventional techniques could be attributed to the inability of chemical 
disinfectants to destroy bacteria present in the inaccessible regions of the root canal system. In 
addition, biofilms in the root canal system was highly resistant to antimicrobials due to their  
inefficient ability to physically disrupt them (Costerton et al., 1994; Nair et al., 2005; Parsek and 
Singh, 2003).   
NaOCl was first introduced as an antiseptic by Dakin in 1915 and was used in 0.5% concentration 
(pH of 9). As an endodontic irrigant, NaOCl has been shown to possess potent antimicrobial action in 
concentrations ranging from 5.25% to 0.5% (Bystrom and Sundqvist, 1985a; Haapasalo et al., 2000; 
Portenier et al., 2001). The antibacterial effect of NaOCl is attributed to HOCl, hypochlorous acid. 
This acid disrupts oxidative phosphorylation and DNA synthesis in bacteria but the canal must have a 
pH of 4-7 for the acidic form to be present. Furthermore, it has excellent tissue dissolving properties 
(Beltz et al., 2003; Koskinen et al., 1980; Senia et al., 1971). However, NaOCl is highly cytotoxic and 
can be very damaging to vital tissue in endodontic treatment if extruded into the periapical tissues. 
Studies have shown the adverse effects of NaOCl on dentin on mechanical properties (Sim et al., 
2001). Consequently, researchers and clinicians have investigated other irrigants like Ethylene 
Diamine Tetraacetic (EDTA) and chlorhexidine (CHX). 
EDTA is widely used in endodontics. It is a chelating agent used to remove the smear layer produced 
during mechanical preparation (Prado et al., 2011; Zehnder, 2006). Additionally, it has antimicrobial 
effects that may be suitable for clinical use (Siqueira et al., 1998). Interestingly, the main benefit of 
EDTA over NaOCl is its action on the smear layer. EDTA has been shown to be effective in removing 
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the smear layer by chelating the inorganic component of the dentin (Goldberg and Abramovich, 1977; 
McComb and Smith, 1975). A previous clinical study investigated the effect of irrigation using EDTA 
with saline and EDTA alone demonstrated no bacteria in canals that were irrigated with EDTA. The 
authors concluded that saline only removed superficial bacteria while EDTA helped in removal of 
smear layer and bacteria (Yoshida et al., 1995).  
Similar to EDTA, chlorhexidine is another widely used irrigant.  It has extensive antimicrobial 
spectrum and is effective against gram negative and gram positive bacteria in addition to yeast 
(Davies and Hull, 1973; Emilson, 1977). Despite its relatively low cytotoxicity (Yesilsoy et al., 1995) 
its activity is pH dependent and decrease in the presence of organic matter (Russell and Day, 1993) as 
well as it lacks the tissue dissolving ability of NaOCl. In addition to root canal irrigants, intracanal 
medicaments such as calcium hydroxide have been proposed for endodontic treatment. Calcium 
hydroxide has low solubility in water and its high pH prevents growth and survival of bacteria. 
However, studies have shown that calcium hydroxide may not be an ideal intracanal medicament as 
bacteria have shown to endure an alkaline pH.  Till today, Law and Messer is of the view that an ideal 
intra canal medicament has yet to be found. They proposed that chemical disinfection was still needed 
to be used in conjunction with mechanical techniques (e.g. ultrasound) for more predictable outcomes.  
The concept of the use of ultrasound in dentistry was initially introduced for cavity preparations 
(Balamuth, 1967; Catuna, 1953; Postle and Robinson, 1958). Much as it was a great concept for 
minimal invasive dentistry, it was not popular until 1955, when Zinner et al.(1955) used ultrasonics   
to remove calculus deposits from tooth surfaces. This idea was further improved by Johnson and 
Wilson (1957) who established the ultrasonic scalar for the removal of dental calculus and plaque  and 
was mainly used for scaling and root smoothening (Stock, 1991; Walmsley et al., 1992). In 1957 
Richman introduced ultrasonics to endodontics for irrigation purposes. Additionally, Martin et al. 
(1980) demonstrated the capability of ultrasonically activated K files to prepare root canals before 
obturation. Martin and Cunningham coined the word ‘endosonic’ which authors defined as ‘the 
                                                                                                                                             Introduction 
5 
 
ultrasonic synergistic system of instrumentation and canal disinfection’ (Martin and Cunningham, 
1984; 1985). This technology has been adapted in endodontics for access refinement, removal of 
attached pulp stones, finding calcified canals and removal of intracanal obstructions, enhanced action 
of irrigant, root canal preparation and surgical endodontics. Current researchers also included the use 
of ultrasound in the removal of oral biofilm (Parini and Pitt, 2006; van der Sluis et al., 2007) and 
dentin repair by the stimulation of odontoblasts and vascular endothelial growth factors (Scheven et 
al., 2007). The use of ultrasound, when compared to syringe irrigation, produced enhanced results in 
cleaning (Teplitsky et al., 1987) but still did not eradicate the bacteria from the root canal system 
(Sequeira et al., 2007).  
The pursuit to completely eliminate bacteria from the root canal system continues with some new 
treatment modalities such as photodynamic therapy (Lee et al., 2004; Soukos et al., 2006) and laser 
irradiation (Moshonov et al., 1995; Zhu et al., 2009). Concurrently, there is a continuous need to 
improve existing strategies for disinfection or to devise other new methods for disinfection. We are 
proposing the use of High Intensity Focused Ultrasound (HIFU) as a potential strategy for 
disinfection.  
HIFU has been widely used in medical applications such as removal of uterine fibroids (Chan AH, 
2002; Chapman A, 2007), prostate cancer surgery (Madersbacher et al., 1995; Poissonnier et al., 
2007) and atrial fibrillation treatment (Ninet et al., 2005). It has also been explored in dentistry for 
delivery of antibacterial nanoparticles (Shrestha et al., 2009). HIFU is generated using a focused 
transducer which gives high intensity at its focal point with minimal damage to the surrounding 
tissues. The fundamental principle behind is the formation of cavitation bubbles (Leighton, 1994a) 
(Lea et al., 2005). These bubbles are in a non-equilibrium state and will oscillate and collapse 
releasing energy. Intense ultrasound waves from HIFU create oscillating cavitations. These bubbles 
which collapse with high-speed jets towards the adjacent surfaces (Lew et al., 2007)  can be utilized 
for various purposes such as biofilm removal. However, HIFU has not been studied in relation to 
biofilm removal. The potential of HIFU in endodontics for removal of biofilms is worthy of further 
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investigation as it can lead to an important step towards its clinical application in the field of 
endodontics. 













                                                                                                                                     Literature Review 
8 
 
2 Chapter II – Literature Review 
Ultrasonics is defined as the science of acoustics and technology of sound. In 600 BC a Greek 
philosopher named Pythagoras set the stepping stone for the usage of stringed devices, which are 
considered as remarkable contributions to the field of acoustics. Later, Galileo continued the work on 
the new studies in this area. He demonstrated that pitch is related to vibration, which was thought to 
be the next milestone in the field of acoustics. In today’s world, rapid development in computer 
techniques has unlocked new possibilities for using ultrasonics for industrial as well as laboratory 
purposes. Ultrasonic application has found its use in various fields such as medicine, dentistry, food 
and textile industry and engineering. It is important to understand the basic elements and history of 
ultrasonics. 
2.1 Basic Concepts of Ultrasound Physics 
Sound is defined as mechanical energy, which is transmitted by pressure waves through a medium, 
(Fig 1). Cyclic changes in the pressure of the medium are produced by forces acting on the particles, 
which cause them to oscillate around their normal positions. The term cycle is used to explain any 
sequence of variations in molecular motion that recurs at fixed intervals, since the motion of the 
particles is repetitive (Hedrick et al., 2005). 
Figure 1: Concept of molecular motion. Oscillation of air molecules produced by a speaker. 
(Adapted from “Effect of high intensity focused ultrasound on neural compound action potential : an in vitro study" (2011). 
http://digitalcommons.ryerson.ca/dissertations/590. 




By nature, sound waves are mechanical; however, these mechanical waves need an elastic deformable 
medium for propagation, such as solid, liquid or gas. It is interesting to note that sound transmission 
does not occur in a vacuum, because there are no molecules available to transfer the mechanical 
vibrations generated by the sound waves. Additionally, sound waves can be lower frequency or higher 




Figure 2: Frequency bands for acoustic range. Humans hear frequency from 20 to 20,000 cycles/sec. Ultrasound is above 20 
kHz and infrasound is below 20Hz. 
(Adapted from Documents of the health protection agency, Radiation, chemical and environmental hazards.RCE 14. Feb 
2010) 
 
Ultrasound is defined as mechanical waves with higher frequencies perceptible to which the human 
ear can detect, i.e.; waves with frequencies of greater than 20,000 Hz.  Ultrasound waves are produced 
by two types of transducers such as magnetostrictive and piezoelectric. Magnetostrictive transducers 
work on the theory of magnetostriction in which some materials expand and contract when they are 
placed in an interchanging magnetic field. Through the use of a coil wire, electrical energy from the 
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ultrasonic generator is converted to alternating magnetic field. This magnetic field is then used to 
generate mechanical vibrations at the ultrasonic frequency in various strips of nickel or any other 
magnetostrictive material that are attached to the surface to be vibrated (Fuchs, 2009). On the other 
hand, the piezoelectric transducers transform electrical energy to mechanical energy based on the 
piezoelectric principle. This uses a piezoelectric material such as naturally found quartz crystals, 
tourmaline and barium titanate or manmade ceramic materials. The crystal changes dimensions when 
an electrical charge is applied to such materials. When the crystal deforms, it leads to mechanical 
vibration without generating heat. Magentostrictive transducers are less competent than piezoelectric 
counterparts as they generate heat, and adequate cooling is required. Piezoelectric are superior to 
magnetostritive transducers as they can generate more cycles per second, 40 versus 24 kHz. The tips 
made from this unit work in linear motion moving forth and back like a piston which is ideal for 
endodontic treatment (Plotino et al., 2007). 
2.2 Properties of Ultrasound Waves 
Ultrasound waves have certain physical characteristics that are similar to sound. Some of these 
characteristics are discussed below to allow for better a understanding. 
2.2.1   Wavelength 
The distance between two complete cycles is called wavelength (Figure 3). When distance is plotted 
against particle density (mass per unit volume), amplitude describes the changes in density  (Carson, 
1995). 
Figure 3: The temporal and length characteristics of an ultrasound wave. 
 Adapted  from  http://www.jaypeejournals.com/ 
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2.2.2  Frequency 
Frequency is defined as the number of cycles at a given point per unit time. The frequency is also 
described in Hertz (Hz), which is equal to 1 cycle per second. Inverse of the frequency is termed as 
period with units as second. The following formula is used to describe the relationship between period 
and frequency: 
T = 1/f 
where T represents the period in seconds and f is frequency in Hz. 
2.2.3   Ultrasound Speed 
Ultrasound speed (c) is defined as the speed at which an ultrasound wave propagates through a 
medium. Velocity (m/s) is usually regarded as a vector quantity in which direction and magnitude are 
both given. Nevertheless, the ultrasound speed denotes to magnitude only (a scalar quantity). The rate 
of energy wave transmission through the medium governs the speed of sound.  Therefore 
compressibility and density of the medium is essential (Hedrick et al., 2005). 
2.2.4   Medium Density and Compressibility 
Density is the mass of a medium per unit volume (ρ). A rise in density of the medium will delay the 
rate of sound wave transmission through that particular medium (Kremkau, 2002). Therefore, based 
on density, ultrasound is predictable to have a higher velocity in air (lower density) than in bone 
which is very much denser and thus has a much greater density than air. However, this is not the real 
case, and other factors may affect ultrasound speed. 
 
Compressibility refers to the ease with which a medium can be mechanically deformed and reformed. 




In linear propagation rule, the speed of ultrasound stays  constant for a certain medium (Hedrick et al., 
2005). The velocity is calculated by the formula stated below to the frequency times the wavelength: 




     
 
where c is velocity, f is frequency and   is wavelength. 
This is an essential formula used in biomedical ultrasound. As the velocity is constant for a specific 
medium, when the frequency is increased, it affects the wavelength which decreases. 
2.2.5   Absorption 
Absorption is merely the sole method by which sound is dissipated in a medium. In addition, 
absorption is the method in which energy from ultrasound is converted into other energy forms, 
predominantly heat (Wells, 1977). Absorption is accountable for the medical applications of 
therapeutic ultrasound. When ultrasound wave propagates through homogenous media, it is related 
with absorption only and can be described only with absorption coefficient. 
2.2.6   Intensity 
The acoustic intensity of an ultrasonic beam is defined as the magnitude of energy passing through a 
cross-sectional area per second. Basically, it is the ratio at which the energy is propagated by the wave 
over a unit area (Zagzebski, 1996). In the field of acoustics, the word intensity is often used to define 
the loudness of sound. By increasing the intensity for ultrasound,  it means that distribution of the 
particles is denser in the compression regions and also acoustic pressure is at a higher range with 
maximum particle velocity also being higher (Zagzebski, 1996). The intensity of ultrasound reduces 
as the wave transmits through tissue. Moreover, ultrasound intensity is directly proportional to the 
particle-velocity amplitude and the square of the pressure amplitude. The formula for instantaneous 
intensity is denoted by (Hedrick et al., 2005): 
 ( )  
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where p(t) is the instantaneous acoustic pressure, c is the speed of sound, and ρ is the density. Mostly, 
the time-averaged intensity is more of interest. When an ultrasound beam passes through at any point, 
the pressure oscillates between high and low ranges. The biggest divergence from average pressure 
during a cycle is the maximum pressure or peak-pressure amplitude. 
 
Acoustic intensity is also defined as the energy flow per second per unit of cross sectional area and is 
a sign of probable bio-effects. Diagnostic ultrasound depends on lower temporal average acoustic 
intensity waves (0.017–0.720 W/cm2) (http://www.fda.gov), while higher acoustic intensity waves are 
utilized in therapeutic ultrasound (0.1–10,000 W/cm2) (Shaw and ter Haar; 2006). There is wide range 
of applications of ultrasound therapy from physiotherapy to high intensity focused ultrasound in 
ablation of prostate carcinoma cells (Frenkel, 2008). Greater ultrasound intensities can result in 
principally three mechanisms for producing bio-effects: heat generation, acoustic cavitation and 
acoustic radiation force (Frenkel, 2008) which are discussed later in the chapter. 
2.2.7  Power  
 
The power (W) of an ultrasound wave is defined as total energy transmitted per unit time over the 
entire cross-sectional area of the ultrasound wave: 
                                                      W= I X A 
where  I denotes the intensity and A denotes cross-sectional area of the ultrasound wave. 
 
The power being emitted from the transducer unit is neither constant with respect to time nor uniform 
with respect to spatial area but varies over the wave cycle. The power when it is averaged over a time 
period, is denoted as the temporal average power. Unit of power is J/s or Watt. 
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2.3   History of Ultrasound in Medicine 
Table 1: The development of ultrasound technology throughout the century 
Date 
Event 
1880 Piezoelectric effect, Jacques and Pierre 
(http://www.pccontrol.co.uk/piezoelectric_effect.htm) 
1907 Electronic vacuum tube, Lee De Forest 
(http://people.clarkson.edu/~ekatz/scientists/deforest.htm) 
1918 Sonar (Langevin), Paul Langevin (http://www.ob-ultrasound.net/langevin.html ) 
1927 
Effects on biological tissues, (Christie and Loomis, 1929) 
1942 
HIFU effects, (Lynn et al., 1942) 
1950-69 
Molecular studies on HIFU effects, (Fry, 1958; Fry et al., 1954; Fry WJ, 1962) 
1951-60 
Radiofrequency generator and electrode development, (Cosman and Hueter, 
1959). 
1951-67 
Radiosurgery and gamma knife development, (Leksell, 1958).  
1960-80 
Clinical studies on HIFU surgery with open cranium, (Fry and Goss, 1980; Fry 
et al., 1981) 





MRI technology, (Heimburger, 1985) 
Early 
1990s 
Ultrasound phased arrays, (Hynynen et al., 2004) 
Mid- 
1990s 
MRI thermometry, (Jolesz and Zientara, 1995) 
2001 
First integrated MRgFUS machine, (Chan, 2005) 
2006 
Report on MRgFUS for treatment of glioblastoma multiforme 
(GBM) after craniotomy, (Ram Z, 2006). 
Present 
Trial on MRgFUS with cranium intact, (Jolesz and Hynynen, 2002; Jolesz et al., 
2005). 
 
(Adapted from Hadjisavvas, Venediktos (2012). Treatment of brain cancer and ischaemic stroke utilising High Intensity 
Focus Ultrasound (HIFU) guide with MRI). 
 
The advancement in the mechanisms accountable for ultrasound-induced biological effects is directly 
related to the distinctive history behind  the development of diagnostic applications in medicine and 
the foundation for the development of standards (O’Brien, 1998).  
 
A brief summary of the historical improvement of ultrasonic biophysics is described in Table 1. 
In 1880, Paul-Jacques and Pierre Curie (William and O'Brien, 2007) led in the discovery of the 
piezoelectric effect - a concept which is used for the development of the modern ultrasound 
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transducer. Later in the early 1900s, a French scientist, Paul Langevin and his colleagues developed a 
transducer of  high frequency sound (approximate frequency of 150 kHz) which was used for 
underwater echo ranging of submerged objects  (Hunt, 1982). Langevin observed that ultrasound 
could have a detrimental effect on biological tissues. He reported the destruction of fishes placed in a 
small tank when insonated with high intensity ultrasound and also observed pain when the hand was 
placed in the same region in the water tank. Langevin also described the presence of incipient 
cavitation in water when the ultrasound source was active. (William and O'Brien, 2007). In 1927, 
Wood et al. reported that ultrasound had a wide array of effects from the rupture of Spirogyra (genus 
of filamentous green algae commonly found in freshwater environments (Whitton and Brook, 2002) 
and Paramecium (a genus of unicellular ciliate protozoa) (Aury et al., 2006) to death of small frogs 
and fishes with a 1-2 minute ultrasound exposure. Similar observations were seen with a Poulsen arc 
oscillator (a device that utilizes an electric arc which transforms direct current electrically into radio 
frequency alternating current) (Pinto et al., 1921). 
 
In the 1930s and 1940s, tissue heating induced by ultrasonic energy was used as a therapeutic agent. 
In the 1930s, ultrasound was applied in neurosurgical surgery in the treatment of Parkinson’s disease 
(William J Fry and Russell Meyers), and to alleviate pain in moribund patients suffering from 
carcinomatosis (Peter Lindstrom). The other applications of ultrasound included treatment for 
Meniers disease ((Basek, 1970; Pennington et al., 1970; Stahle, 1976) and the treatment of rheumatic 
arthritis in physical and rehabilitation medicine (Casimiro et al., 2002). In the 1940s, therapeutic 
applications of US, considered by some to be a cure-all remedy, were used in conditions such as 
arthritic pain, gastric ulcers, thyrotoxicos, elephantiasis, eczema, asthma, urinary incontinence 
haemorrhoids and angina pectoris. However, most of these treatments lacked scientific evidence. In 
the early 1940s, the group of Karl Theodore Dussik (a psychiatrist / neurologist at the University of 
Vienna, Austria) were the first ones to employ US as diagnostic tool. They tried to trace brain tumors 
and the cerebral ventricles by assessing the ultrasound wave transmission through the skull, a 
procedure which they termed as hypephonography. In this procedure, an excited transducer was 
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placed on one side of the skull while on the other side a receiver measured the loss of intensity. This 
technique was intended to be used for detection of brain pathologies (Dussik, 1942). While there was 
a progressive advancement of ultrasound as a diagnostic tool in the 1950s, the introduction of newer 
piezoceramic materials had a major impact, which led to transducers with better performance 
concerning overall sensitivity, frequency handling, coupling efficiency and output. All around the 
world, development in this field included its use for brain diagnostics, ophthalmologic investigations 
and clinical applications in the abdomen and pelvis. 
 
Until 1950s the scientific community had seen only limited progress in comprehending of how 
ultrasound interacts with biological tissues. The first grand symposium on ‘’Ultrasound in Biology 
and Medicine’’ was organized at the University of Illinois in 1952 to study the mechanism of how 
ultrasonic energy interact with biological tissues and its bioeffects. Since then, development has been 
ongoing and today ultrasound finds its application as a diagnostic tool for imaging and for therapeutic 
purposes. 
2.3.1 Therapeutic Ultrasound 
The use of therapeutic ultrasound in medicine has a very promising prospect. It has been 
acknowledged that ultrasound interacts with biological tissues to produce bio-effects. Despite 
concerns regarding possible hazards related with diagnostic ultrasonic imaging, much of the initial 
work has been focused on using ultrasonic energy to induce changes in tissue ultimately leading to 
therapeutic benefit. 
 
In 1938, one of the earliest therapeutic applications of ultrasound in medicine was the introduction of 
massage using ultrasound waves in Berlin.  Raimar Pohlman et al. (1939) reported therapeutic effects 
of ultrasonic energy in human tissues and introduced ultrasonic physiotherapy to be used as a normal 
procedure in medical practice.  
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Therapeutic ultrasound is a continuously developing field and newer applications are being introduced 
constantly. It has been used to treat various soreness and injuries in athletes and is used to diffuse the 
injected fluids after injections (Ensminger, 1988). Ultrasound has been effectively explored in other 
fields such as for the treatment of rheumatic diseases, surgical instruments, chemotherapy, drug 
delivery and more lately, high intensity focused ultrasound (HIFU) (Marmor et al., 1978; Pitt et al., 
2004).  
 
Therapeutic ultrasound can be categorized into two different groups: 
Catergory 1: low intensities (time- averaged intensities of smaller than 3.0 W/cm
2
, at frequencies of a 
few megahertz) – the goal is to generate non-destructive heating or non-thermal effects and to excite 
or speed up normal physiological response to injury; Category 2- greater intensities (time-averaged 
intensities of greater than 5 W/cm
2
) – the goal is to produce organized selective destruction of tissues. 
The first group comprises the bulk of physiotherapeutic applications, whereas beam surgery and the 
use of thermal effects are included into the second group (Hedrick et al., 2005). 
 
High intensity therapeutic ultrasound applications include high intensity focused ultrasound (HIFU), 
lithotripsy and histotripsy, and low intensity applications, include sonophoresis, bone healing, gene 
therapy and sonoporation  (Bailey et al., 2003). 
 
For ultrasound used in diagnostic applications, ultrasound exposures are selected principally for their 
ability to provide images with better temporal and spatial resolutions, employing appropriate pressure 
amplitude to provide a suitable signal to noise ratio. The objective is to receive the desired diagnostic 
information without initiating any substantial cellular effects in biological tissues. On the contrary, 
based on the aims of treatment, therapeutic applications call for exposed target tissue undergoing 
reversible or irreversible changes. 
 
Diagnostic ultrasound similar to therapeutic ultrasound exposures can be explained in relation to the 
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intensity or its acoustic pressure. It is feasible to compute the intensity depending upon the maximum 
pressure evaluated in the field or upon a pressure averaged over a designated area.  
 
Mostly ultrasound transducers are constructed from high powered piezo-ceramic materials such as 
lead zirconate titanate 4 (Whittingham, 1999). Transducers used for imaging purposes have a backing 
which delivers the damping needed to generate short pulses whereas therapeutic transducers are 
normally air backed. Single element and phased array sources may be used depending upon the 
application to be used. 
 
Several approaches are used to couple the ultrasound into the tissue for therapeutic applications. 
When the transducer’s emitting surface is plane and for relatively flat acoustic window, aqueous gel 
might be used between the skin and ultrasound source’s front face. However, when tissue geometries 
are complex and also when concave spherical bowl transducers are employed, instead of aqueous gel, 
water is used as a coupling medium. When high power applications are employed, it is essential that 
the water couplant is degassed. 
 
Ultrasound use tissue heating as its main aim for many therapeutic applications. Higher temperature 
by a few degrees may play a beneficial role for example increase blood supply to the affected area. 
However, more recently, evolving therapeutic applications of ultrasound depend on acoustic 
cavitation or phenomena of ultrasonically driven micro bubbles to bring about their effects (Holt and 
Roy, 2001). This gives rise to shear stresses on cell membranes of tissues, which could lead to 
creation of short-lived pores across which ions and molecules can be exchanged. Studies have shown 
that the effects of gene transfection and sonophoresis are boosted in the pressure of bubbles (Hanajiri 
et al., 2006). The degree of the temperature rise is dependent on the acoustic absorption coefficient of 
the exposed tissue, tissue perfusion, the time period for which the ultrasound is on and the ultrasound 
intensity. 
From all the developing applications of therapeutic ultrasound, the one which is of utmost interest is 
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high intensity focused ultrasound (HIFU). Previous literatures have shown the advancement of HIFU 
not only in terms of development of device for drug and chemotherapy agent delivery but also its 
applications in therapeutic medicine and non-invasive cancer treatment. However, the application of 
HIFU in dentistry especially in removing the biofilm for potential endodontic application has not been 
addressed in detail.   
 
2.3.2 High Intensity Focused Ultrasound (HIFU)  
Wood and Loomis (1927) reported the biological effects of high-intensity ultrasound, pertaining to the 
investigation of therapeutic US. The preliminary applications of high-intensity focused ultrasound 
(HIFU) on biological tissues were proposed. 
 
HIFU delivers power intensities that are 4 to 5 folds greater in comparison to those employed in 
ultrasound diagnostic imaging systems. HIFU systems can generate acoustic intensities greater than 
1000 W/cm
2
 at the focused region, and work on frequencies in the range of 0.5-5 MHz. The major 
benefit of HIFU energy is that it can be focused to a smaller region within the human body without 
damaging intervening and surrounding tissues (Vaezy et al., 2001). The biological effects of HIFU 
depend upon the parameter of HIFU operation and the particular tissue being treated. Altered 
parameters of HIFU, in particular the duration of exposure and intensity of the HIFU beam, could lead 
to varying effects on a tissue being targeted. Dose, is described as intensity multiplied by the duration 
of the exposure [J/cm
2
], is an important parameter in the creation of biological effects during HIFU 
treatment. Dose can be used as standard treatment parameter when HIFU is applied to a specific 
structure within the body. Moreover, different amounts of acoustic energy will be absorbed by 
different tissues in the body and when HIFU is applied to a range of different tissue types, the 
equivalent HIFU dose might result in altered biological effects. Absorption coefficients depend on the 
frequency of the acoustic energy and therefore it is deemed an essential parameter to be taken in 
consideration. Frequencies that are higher will be absorbed at a higher rate by tissue and may need 
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less HIFU doses to produce a required biological effect. The dimensions of the HIFU focal beam 
depend on the frequency of the acoustic field and greater frequencies yield minor focal regions. 
Therefore, it is essential to examine the role of different parameters such as frequency, intensity and 
dose in the creation of biological effects in the definite tissue of interest, so as to improve the finest 
HIFU systems and treatment protocols. The initial work with HIFU comprised of investigation of the 
dose-dependent effect of ultrasound in diverse tissues such as red cells and nerve tissue (Wood and 
Loomis, 1927b; Wulff et al., 1951). 
 
2.3.2.1  Historical Background 
Between 1950 to 1970, HIFU had been used as a therapeutic method to cure diseases of the central 
nervous system. Fry brothers were the pioneers who first designed and tested the HIFU device for the 
treatment of neurological disorders like Parkinson`s disease. They used ultrasound transducers that 
were focused on the small biological lesions situated deep within the cerebral cortex (Fry et al., 1954; 
Fry et al., 1955a; Fry et al., 1955b). Further studies investigated the bio-effects and specific properties 
of focused ultrasound on tissues.  
 
Burov (1956) recommended using high-intensity ultrasound to treat malignant tumours, and the bio-
effects and specific properties of focused US on tissues were investigated in further studies (Fry and 
Johnson, 1978). Researchers also applied HIFU to treat tumours in animals and further improved the 
capability of HIFU to ablate tumours. These experiments successfully showed complete tumour 
destruction and shrinkage in the size of the tumour (Coleman et al., 1978; ter Haar et al., 1989).  
 
In 1980s, HIFU was explored for several ophthalmological conditions including the treatment of 
retinal tears and glaucoma (Coleman et al., 1985a; Coleman et al., 1985b; Coleman et al., 1985c) 
(Lizzi et al., 1978). Later on from 1990s, HIFU was investigated for the treatment of benign   
prostatic hyperplasia (BPH) (Madersbacher et al., 1994) and prostate cancer. Consequently, several 
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clinical trials with a great number of patients with BPH were accomplished in multiple sites (Gelet et 
al., 1993; Hegarty and Fitzpatrick, 1999). 
 
In 1992, in vivo effects of HIFU on prostate carcinoma in rats were published, which recommended 
the possibility of using HIFU for treating small localised malignant tumours of the prostate (Chapelon 
et al., 1992b).Thereafter several clinical studies using HIFU with follow up were reported. The 
investigations and applications of using non invasive techniques like HIFU are evolving in the field of 
medicine for various pathological conditions and potential therapeutic applications. 
 
Other uses of HIFU include the preclinical studies that showed how HIFU exposures can speed up the 
recovery of sciatic nerve injury (Mourad et al., 2001). Presently, higher energy deposition rates are 
being employed to ablate solid tumors, for example uterine fibroids (Stewart et al., 2003) and prostate 
cancer (Thuroff et al., 2003). These forms of HIFU exposures, use the process of coagulative necrosis 
for causing irreversible cell death, and are also being assessed in clinical trials for treating liver 
tumors (Kennedy et al., 2004), breast and kidney tumors (Wu et al., 2003a), for palliation in patients 
with bone cancer (Catane et al., 2007) and testicular cancer (Kratzik et al., 2006). HIFU is also being 
investigated in other applications including thrombolysis, arterial occlusion for the treatment of 
tumours and bleeding, haemostasis of bleeding vessels and organs, and drug and gene delivery 
(Dubinsky et al., 2008). 
2.3.2.2 Principle of HIFU 
When ultrasound is used for diagnostic purposes, low energy convergent beams from ultrasound are 
quickly scanned over fairly large areas of the body. This ultrasound beam is not meant to be focused 
at any one area for a long time. In contrast, HIFU beams are released from a high-powered transducer 
that can be focused using radiators, lenses or reflectors analogous to focusing sunlight with a 
magnifying glass (Fig 4a). In practice a focal diameter of 1mm can be achieved at 2 MHz with a 
focused transducer (Fig 4b). 















can be achieved at 2 MHz with a focused transducer (Fig 4b). The intensity of ultrasound exposures 
above and below the focal point remains low. When ultrasound is applied to the human body, the 
HIFU beams above the focal point distributes through intact skin and superficial tissues with no 
injury.  However, thermal tissue damage results at the focal point (Dubinsky et al., 2008). Therefore, 
it is a non-invasive technique with minimal damage to intervening and surrounding tissues. HIFU 
treatment has some distinct advantages over other thermal ablation techniques, e.g. cryotherapy, laser 
ablation, photothermal therapy and radiofrequency interstitial tumour ablation. It is non-invasive and 
non-ionizing, which means it can be safely repeated because it has no long-term cumulative effects. 
 
The two main effects of HIFU which are involved in the tissue damage caused by HIFU exposure can 
be divided into two categories: the thermal effect and non-thermal effects: acoustic cavitation, 
radiation pressure and acoustic streaming. 
 
  (Adapted from “The European Aesthetic Guide 
Spring 16 2010” www.euroabg.com) 
(Adapted from “Focused US surgery in oncology: 
Overview and principles” (www.rsna.org/rsnarights) 
Figure 4: (a) Diagram shows properties of a geometrically focused transducer. (b) Picture depicts a cigar shaped lesion from a HIFU wave 
generated by a MHz transducer. 
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2.3.2.3  Thermal effects of HIFU  
In therapeutic applications, there is a direct interaction of the ultrasound waves and biological tissues 
to produce desirable beneficial effects. The thermal effect depends on the temperature achieved and 












The acoustic energy is absorbed and changed to heat at the focal point which raises the temperature of 
the tissue rapidly to 60
o
C or higher leading to irreversible cell death via  local coagulative necrosis 
(Hill and terHaar, 1995) which is the main principle for tumor cell damage.  
Temperature rise induced by ultrasound is dependent on several factors, comprising ultrasound 
exposure parameters (e.g. pressure amplitude frequency, pulse repetition frequency (PRF), pulse 
duration etc.) and tissue properties (e.g. density, absorption coefficient, perfusion rate, etc.). 
Therefore, the production of heat in tissues can usually be controlled through proper exposure 
planning (Humphrey, 2007). 
 
Figure 5:  Thermal effect of HIFU. The focal point is cigar shaped known as the biological focal region. 
(Adapted from “Treatment with high intensity focused ultrasound: Secrets revealed”, 2011) 
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2.3.2.4  Non thermal effects 
In addition to thermal effects, other mechanical phenomenas include acoustic cavitation and radiation 
forces are present at high intensities and not found in low intensities which also cause lethal effects at 




Figure 6: Mechanical effect of HIFU.  
Tissues within the focal region of the ultrasound waves are under mechanical forces that cause bioeffects. (Adapted from 
“Treatment with high intensity focused ultrasound: Secrets revealed”, 2011) 
 
microscopic microbubbles (Hynynen, 2008b). In order for cavitation to occur in tissues, the presence 
of gaseous nuclei which probably exist in mammalian tissues is necessary (Apfel, 1995; 
CarstensenEL, 1982; Crum and Fowlkes, 1986; Fry FJ, 1995; Holland and Apfel, 1989; Leighton, 
1994b; Margulis, 1995).  
 In fluid systems devoid of pre-existing bubbles, this process comprises of two stages: (a) bubble 
nucleation succeeded by (b) driven cavitational activity. The phenomena for nucleation are somewhat 
varied, which range from transient cavity formation from the absorption of nuclear particles to 
heterogeneous nucleation on wet solid surfaces  (Bremond et al., 2005; 2006; Church, 2002; Crum, 
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1982; Miller et al., 2000) 
 
2.3.2.5  Stable cavitation 
The behavior of the bubble depends on parameters such as pressure amplitude, bubble radius, 
frequency and environment surrounding the bubble. Whenever an existing bubble is exposed to a field 
of ultrasound, the acoustic pressure drives that moving bubble and leads to changing bubble radius. 
 
Figure 7: Cavitation effect of HIFU.  
The high intensity ultrasound waves cause the tissue bubbles to oscillate steadily resulting in shear stresses that cause cell 
damage known as “stable cavitation”. Above certain pressure threshold bubbles explode vigorously resulting in localized 
high acoustic pressure that causes tissue damage; this is known as “inertial cavitation”. 
(Adapted from “Treatment with high intensity focused ultrasound: Secrets revealed”, 2011) 
 
The bubble acts as an oscillator together with stiffness and inertia. The stiffness is provided by the gas 
enclosed within the bubble. As the gas is compressed it delivers a force that repels the compression. 
Oscillating bubbles show a range of behavior. Stable cavitation arises when a bubble oscillates 
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gradually in a low pressure ultrasonic field, hence intercepting and radiating energy to the intervening 
tissues. Cavitations arising from such bubbles result in micro streaming (speedy movement of liquid 
adjacent to the bubble because of its oscillating motion) of liquid around the bubble (Fig 7). This 
highly  shear stress limited to a small area is known for disruption of cell membranes and plays an 
important role in ultrasound facilitated drug or gene delivery (Pitt et al., 2004). 
 
2.3.2.6  Inertial Cavitation 
At high pressure amplitudes, the bubble oscillation becomes non-linear and the bubbles expand to a 
maximum radius larger than twice its initial radius and collapse. When a symmetrical collapse occurs 
near solid surfaces (Delius et al., 1990), this can lead to the formation of high speed, fluid microjets of 
high pressure (20-30000 bars).  The impact on the solid surface is appropriate enough to destroy metal 
surfaces and also cause disruption of cell membranes (Fig 7).  This phenomena is known as inertial 
cavitation (Coleman et al., 1987; Holland and Apfel, 1990; Marmottant and Hilgenfeldt, 2003; Martin 
and Hwang, 2005).Ultrasound waves resulting in inertial cavitation can induce mechanical tissue 
destruction, which may offer some advantages over using heat alone for tissue ablation (Coakley, 
1971; Frizzell et al., 1983; ter Haar et al., 1982) 
 
2.3.2.7  Radiation force 
Radiation force is described to occur when the nonlinear propagation of ultrasonic waves through 
tissues causes the elements within the focal region, to be under the influence of mechanical forces 
causing significant tissue movement which ultimately leads to bioeffects (Dyson et al.; Hynynen, 
2008a). When a wave is either reflected or absorbed, such kind of forces is produced. Radiation 
torque is another mechanical mechanism linked with ultrasound propagation through tissues. 
Radiation torque leads to rotary movement on the cellular level causing whirling of the intracellular 
organelles which ultimately lead to lethal cellular bioeffects (Martin et al., 1983). 
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2.3.3 Current Clinical Applications of HIFU 
2.3.3.1  Liver tumors 
Hepatocellular carcinoma (HCC) is believed to be one of the most common malignancies globally. 
Presently, surgery in particular liver transplantation is the only true hope for treatment; nonetheless 
even after surgical resection of hepatic metastases, 5 year survival rates are only 25-30%. Although 
there have been advancements in diagnostic modalities, the general prognosis of primary and 
metastatic liver carcinoma remains poor. The reason for such poor outcome is primarily due to the 
biological behavior of liver cancer that is being multi foci of origin, leading to a higher risk of 
postoperative recurrence. As a result, treating such kind of multi-focal lesions requires adopting a non 
invasive alternative to surgery, such as HIFU, that can selectively destroy multiple tumor nodules 
distributed throughout the liver without impairing liver function. 
Initially small animal models (Linke et al., 1973; Taylor and Connolly, 1969) were used to establish; 
the capabilty of HIFU to ablate areas of normal liver. Early in the 1980s studies established the HIFU 
exposure parameters for liver tissue destruction (ter Haar et al., 1989). As a result, many liver tumor 
models were used to explore the effects of HIFU on HCC before human  clinical trials (Cheng et al., 
1997; Prat et al., 1995; Sibille et al., 1993; Yang et al., 1991; Yang et al., 1993). 
In human clinical trials, there are increasing number of studies on the treatment of HCC and 
secondary liver metastases. Vallancien et al. (1992) treated two patients with hepatic metastases 
preceding surgery with HIFU.  However, in one of the patients there were no obvious effects, while in 
the other patient, patchy necrosis and extensive tissue lacerations was observed  . Patients who are 
diagnosed with advanced stage liver carcinoma, HIFU has also been explored for palliation in such 
patients (Li et al., 2004). On completion of the HIFU procedure, 87% of patients were observed with 
symptomatic improvement. Overall, studies on both humans and animals have shown momentous 
potential in the treatment of liver malignancies with HIFU.  
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2.3.3.2  Renal tumors 
Among all cancers in adults, renal cell carcinoma (RCC) has the seventh highest incidence. Like 
hepatic cancer, the main treatment option for renal tumors is surgery with five year survival rates 
better than 80% after resection (Reddan et al., 2001). Most of the renal lesions are smaller and at the 
same time chemo- and radio- resistant, so a non-invasive alternative to surgery would be attractive for 
treating such lesions.  A vast number of animal studies using them as models have also been used for 
renal tumor ablation (Adams et al., 1996; Chapelon et al., 1992a; Frizzell et al., 1977; Tu G, 1999; 
Vallancien et al., 1991; Watkin et al., 1997).  
 
 Linke et al. (1973) first reported successful kidney tissue ablation using HIFU. A 2.5 cm diameter 
piezo-ceramic plate driven at frequency 2MHz was employed to ablate rabbit kidney.  The 
experimental animals were followed up to one year after HIFU exposure permitting evaluation of the 
long term effects of HIFU on the kidney tissue. The gross histological analysis of the specimens 
revealed the treated part of healthy kidney being replaced with a thin fibrous scar. Roberts et al. 
performed a sequence of trans-cutaneous HIFU ablations in ten normal rabbit kidneys (Roberts et al., 
2006). This study proposed that the role of non-thermal mechanical effects of ultrasound, i.e. acoustic 
cavitation, can be utilized to progressively homogenise tissue in a controlled manner with anticipated 
results.  
Renal tumor ablation using HIFU still remains in its initial stages of clinical trials.  Vallancien et al. 
(1993) described the first clinical feasibility study using HIFU to ablate renal tumors. In this study, 
eight patients were exposed to HIFU and revealed histologic signs of ablation in the areas of treatment 
after excision of the kidney; though, some 10% of patients had high rate of skin burns. In Oxford, 
United Kingdom, clinical trials were also performed and results maintained the conclusion that HIFU 
treatment of renal tumors in a western population is feasible and safe (Illing et al., 2005). In addition, 
comprehensive comparison reviews between HIFU and other minimally invasive approaches were 
done (Roberts, 2005; Trabulsi et al., 2005). 
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2.3.3.3  Prostate cancer  
HIFU has been under investigation to treat benign prostate hyperplasia (BPH) and prostate cancer 
since 1990s. Medical centers in Europe and Japan have used HIFU to treat prostate carcinoma and 
prostatic hypertrophy for the past decade. Several groups have showed the early feasibility studies on 
HIFU ablation of prostate tissue. In those studies, they employed either a transrectal probe with dual 
actions of imaging and therapy (Bihrle et al., 1994; Foster et al., 1993) or a HIFU transducer 
combined with ultrasound scanner (Gelet et al., 1993).  
 
Chapelon et al. (1922b) showed some preliminary results of in vivo effects of HIFU on prostate 
carcinoma in rats, which recommended the use of HIFU for the treatment of small localized prostate 
malignant tumors.. Later on, Madersbacher and colleagues (Madersbacher et al., 1995) were the first 
group which investigated the potential of HIFU therapy on prostate cancer. Thereafter, numerous 
phase I/II clinical trials along with follow-up results have been reported to date (Beerlage et al., 1999; 
Chapelon JY, 1999; Chaussy and Thuroff, 2003; Chaussy C, 2000; 2001; Gelet et al., 2000; Uchida et 
al., 2002; Vallancien et al., 2004)  
 
Two transrectal devices, HIFU Sonablate 500 (Focal Surgery, Milpitas, CA) and Ablatherm HIFU 
(Technomed International, Lyon, France), were used in most of the above-mentioned studies. 
The success rates for the treatment of prostate carcinoma range between 60% (Chaussy C, 2006; Gelet 
et al., 2000) to 80% (Chaussy C, 2000) of patients being disease-free on the next biopsy. 
Complications from HIFU procedures are stated to occur within a range of 0–50%. Complications that 
arise include urinary retention,  incomplete treatment of disease impotence, rectal anal fistulas, 
chronic pain,  incontinence and urinary infection (Blana et al., 2006). However, follow-up on long 
term basis in patients is still lacking due to the fact that there are only limited numbers of patients that 
have undergone HIFU for prostate cancer. Though short-term follow-up was till one year, results of 
HIFU looked promising.  Recent evidence of employing HIFU for treating localized prostate cancer  
has shown no major safety concern (www..nice.org.uk/nicemedia/live/12782/58916.pdf) 
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2.3.3.4  Gynecology 
2.3.3.4.1 Uterine fibroids 
Uterine leiomyomas (fibroids) are gonadal steroid-dependent benign smooth-muscle tumors. In 
women, uterine fibroids are one of the most common pelvic tumours and are considered as an 
important reason of morbidity for women of reproductive age. Despite greater proportions of patients 
with these tumors are asymptomatic, around 25% are associated with urinary frequency, pelvic pain, 
dysmenorrhoea, menorrhagia, dyspareunia pressure-related symptoms such as infertility and pelvic 
fullness. Larger uterine leiomyomas can be symptomatic. It is believed that reduction in the volume of 
leiomyoma can be related with an improvement in symptoms (Pron et al., 2003). HIFU offers a non-
invasive approach for treatment for the management of this disease. Vaezy et al. (2000) and 
colleagues demonstrated some pre-clinical results of HIFU for the treatment of uterine fibroids. A 
single HIFU treatment of uterine fibroids showed 91% average reduction in tumour volume in a span 
of 1 month of the treatment. Ablation of uterine fibroids using HIFU was first reported by Kohrmann 
et al. (2000) in human clinical trials. Histological investigation of tumours treated with HIFU 
exposures revealed coagulation necrosis and nuclear fragmentation of tumour cell.  
2.3.3.5  Neurosurgical 
One of the most primitive clinical researches into HIFU existed in the field of neurosurgery. However, 
at this time only 200 patients with Parkinson’s disease were treated. There were limitations in these 
initial studies partly due to lack of accurate imaging facilities, and partly by the prerequisite for 
craniotomy to deliver an acoustic window in the skull. In the last three years, there has been renewed 
attention, ever since Hynynen and Jolesz displayed the ability to focus HIFU in the excised brain 
through an intact skull. For compensation for field distortions yielded by the bone, they utilized phase 
corrections (Hynynen and Jolesz, 1998). 
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In later publications, this HIFU technique has been polished, and by using the maximum area of skull 
possible with large-area phased arrays, the possibility of focused ultrasound surgery through the skull 
has been directed (Clement et al., 2000; Sun and Hynynen, 1999). 
 
Thermal ablation HIFU technology can also be used in treating cancers in the following ways: 
2.3.3.5.1  Targeted Drug Delivery:  
The BBB (Blood-Brain Barrier) is a constant hindrance for the delivery of therapeutic agents to the 
central nervous system. Although this BBB is necessary for maintenance of homeostasis of the brain, 
it hampers the delivery of therapeutic agents into the brain,  as the intracellular space in the BBB is so 
constricted that small molecules, such as ions, cannot easily traverse the barrier. Hynynen and Jolesz 
(1998) were the first group to describe the controlled and reproducible manner of opening the BBB 
and MRI was used to monitor the whole process.  
Studies conducted by Kinoshita et al. (2006) and Treat et al. (2009) have shown the potential of using 
focused ultrasound to deliver chemotherapeutic agents to targeted tumors. The phenomena by which 
HIFU enhances drug delivery is thought to be likely due to intravascular cavitation that increases the 
permeability of the vascular endothelial cells that allow the chemotherapeutic agent to drain from the 
vascular space into the interstitial space of the tumor. 
US mediated drug delivery has achieved wide focus of attention to deliver antibodies, growth factors, 
or genes to the preferred area of the brain. 
2.3.3.5.2 Enhancement of drug delivery 
Ultrasound-enhanced drug delivery has developed into a highly dynamic area of research interest. The 
aim for ultrasound-enhanced drug delivery is to enhance the efficacy of drugs by decreasing systemic 
toxicity and intensifying local concentrations of drug (Jung et al., 2009; Primeau et al., 2005). Earliest 
animal studies indicated that pulsed HIFU enhanced the delivery of chemotherapeutic agents to 
targeted tumors sites (O'Neill et al., 2009; Yuh et al., 2005). The mechanisms of HIFU-enhanced drug 
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delivery possibly comprise of : 1) accelerating the permeability of the vascular endothelial cells (most 
probably because of intravascular cavitation) thereby permitting the chemotherapeutic agent to evade 
the vascular space between the interstitial space of the tumor; and 2) assisting in distributing the 
chemotherapeutic agent into the tumor because of radiation force from the ultrasound field. 
2.3.4  HIFU application in dentistry 
Shreshta et al. (2009) also investigated the cavitation potential of HIFU in delivering antibacterial 
nanoparticles in root dentin. Briefly, antibacterial nanoparticles of chitosan were prepared in acetic 
acid solution and dentin samples positioned such as the dentinal tubular openings facing the 
transducer. They were immersed in the antibacterial suspension and exposed to HIFU for 2 minutes. 
The specimens were analysed by field emission scanning microscope and energy dispersive X-ray. 
The group that was exposed to HIFU showed the penetration depth of the antibacterial particles to be 
as deep as 1000 µm into the dentinal tubules and aggregates of the antibacterial nanoparticles were 
found at the dentinal tubule lumen although there was no homogenous distribution of the particles. 
This study stated that HIFU can be used for delivery of nano particles for root canal disinfection. 
However, to our best of knowledge, HIFU has never been used for agitation of the irrigants for the 
possible removal of biofilm. The efficient biofilm removal from root canals has great clinical 
importance especially in endodontics, as incomplete removal is a key factor for secondary endodontic 
infections (Ferreira et al., 2004). The next section of our literature review will therefore cover the 
basic structure of biofilm, the techniques which have been used to remove the biofilm to date and the 
role of HIFU in removing the biofilm removal.   
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2.3.4.1 Role of biofilms in infections 
 
Figure 8: Stages of biofilm formation. 
(Adapted from Chavez de Paz, 2007) 
 
Bacterial biofilms are described as structured bacterial communities forming micro colonies with 
water channels in between and enclosed in self-produced polymeric matrix and adherent to an inert or 
living surface. Bacteria comprise of 15% of the total biofilm volume whereas the remaining 85 % is 
comprised of extracellular matrix. The EPS matrix could also act as a buffer and support in the 
retention of extracellular enzymes (and their substrates) augmenting substrate utilization by bacterial 
cells (Costerton and Stewart, 2001). 
Biofilm development and maturation are characterised by several stages. The stages are shown in Fig 
8. The first stage involves adsorption of inorganic and organic macromolecules in the planktonic 
phase to the surface, leading to formation of a conditioning film. Prior to the entry of microorganisms 
this film is always formed and it promotes further adhesion of certain microorganisms.  
The second stage involves the adhesion and colonization of planktonic microorganisms and its 
attachment is reinforced by polymer production and unfolding of cell surface structures. Primary 
colonizers are vital for subsequent co-adhesion of other microorganisms. 
The third stage involves growth and expansion of attached microorganism that gives rise to a 
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structurally organized mixed microbial network.  
The final stage involves detachment of adherent microorganism into surroundings. 
To date, the removal of biofilm from the root canal system remains as one of the greatest challenges 
in endodontic dentistry as the unique environment found in the root canal influences the biofilm 
structure and function. Consequently, this issue has been addressed by many research groups.   
 
2.3.4.2  Biofilms in endodontics 
 
Endodontic infections are biofilm mediated. Bacteria present in the oral cavity serve as a primary 
source of biofilm formation in the root canal system.  Several factors such as availability of nutrients, 
oxygen, and composition of the biofilm are responsible for the localization of microbes in the necrotic 
canals. In primary root canal infections, majority of bacteria occupy the main root canal and very few 
invade into root dentin via lateral canals and tubules.  Inaccessible areas such as lateral canals, 
isthmuses, and apical ramifications harbor bacteria which exist as biofilms. In secondary root canal 
infections, the location of bacteria are affected by added factors for example quality of root filling and 
source of nutrients. Moreover, biofilms attached to the apical root surface are considered as the cause 
of post- treatment root canal infections (Ferreira et al., 2004) 
 
Moreover, cleaning and disinfecting the root canal system that contains biofilms is a difficult task. 
Certain microorganisms become more virulent when they are in a biofilm state, indicating increased 
resistance to antimicrobial agents. The dense structural network of the biofilm restricts the penetration 
of any antimicrobial agent into their network. 
 
For successful outcome of root canal treatment, complete elimination of endodontic bacterial biofilms 
and prevention of recurrence of root canal infection are crucial factors. Furthermore, studies have 
reported that even after thorough chemomechanical debridement and root canal obturation, bacteria 
may still be found in the uninstrumented areas of root canal and anatomical irregularities of the root 
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canal system. Therefore, it is important to comprehend that the existing limitations in disinfection 
strategies are not only because of biofilm form of growth mode but a collection of factors such as 
poor exchange of irrigants in the apical region of the root canal,   poor penetration of irrigant, dentin 
structure/composition and also complex anatomy of the root canal system. Therefore, new 
disinfection strategies need to be established and tested in endodontics to bypass these challenges. 
Preferably, these disinfection strategies should aim to eliminate bacterial biofilm from the 
uninstrumented areas and complex anatomical areas of the root canal system without bringing 
unwanted effects on dentin substrate and surrounding periradicular tissue. 
 
2.3.4.3 Techniques in root canal disinfection 
 
The important factors governing endodontic infections include host defense, mechanical 
instrumentation, irrigation, intracanal medicaments and root canal fillings. However, the removal of 
vital and necrotic remnants of pulp tissues, microorganisms, and microbial toxins are considered as 
most vital among all factors which is responsible not only for success root canal treatment but also for 
preventing secondary infections (Basmadjian-Charles et al., 2002; Siqueira and Roccas, 2008; Wong, 
2004). In the next section, we will be critically reviewing the literature on different techniques which 
have been used for the removal of debridement of microorganism and pulp remnants during root canal 
treatment.   
 
2.3.4.3.1 Mechanical debridement 
Mechanical instrumentation either using manual or rotary files for cleaning and sterilizing the root 
canal have been used with much less success. Moreover,  previously it has been reported that the 
success rate of conventional root canal treatment ranges from 70- 95% (Weiger et al., 1998). 
However, the introduction of nickel titanium files transformed the method of instrumentation to some 
extent. Although the rotary instrumentation files are easy to use and have desirable properties, studies 
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have shown that the root canal disinfection with rotary instrumentation files is not significantly better 
than hand instrumentation and showed no reduction in bacterial load. Furthermore, bacteria are often 
left untouched in canal fins, isthmus and cul-de-sacs after completion of the preparation resulting in 
remaining bacteria and their byproducts. Studies have reported that after complete mechanical 
instrumentation, 35-53% of the root canal space is not instrumented as previously mentioned. 
Therefore, irrigation is a vital part of root canal debridement as it permits cleaning further than what 
could be achieved by root canal instrumentation alone (Gulabivala K, 2005; Svec and Harrison, 1977) 
 
2.3.4.3.2 Chemical disinfection 
Ideally, an irrigant should be able to remove organic and inorganic debris from the root canal. 
Previously, it has been shown that the use of water or saline as irrigant helps only in manual flushing 
away of debris and does not lead to bacterial reduction. Therefore, several different irrigants have 
been tried in clinical practice. Antimicrobials irrigants such as sodium hypochlorite, chlorhexidine 
and EDTA have been reported as irrigants to be used  with mechanical instrumentation. 
2.3.4.3.2.1 Sodium hypochlorite 
Sodium hypochlorite is one of the most popular irrigants used in endodontic practice. Moreover, it has 
been shown that sodium hypochlorite can dissolve the organic component of debris. However, 
Dunavant et al (2006) did a comparison study to evaluate the efficacy of 1% or 6% NaOCl vs Smear 
Clear, 2% chlorhexidine (CHX), and MTAD on E. faecalis biofilms in an in vitro model. They found 
that 1 and 6 % concentrations of sodium hypochlorite were significantly more effective in killing 
biofilm than the other irrigants. However, they did not find similar efficacy of sodium hypochlorite in 
their in vivo studies. This may be attributed to many factors such as difficulty of the irrigant to 
penetrate to the peripheral areas of the root canal e.g. lateral canals, fins and apical canals. In addition, 
the efficacy of sodium hypochlorite is counteracted by existence of periapical exudate, dentin 
collagen and microbial biomass. Moreover, there are few toxicity issues associated with the use of 
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some of these irrigants which needed to be kept in mind for future research. Nevertheless, studies 
have reported that irrigants such as sodium hypochlorite adversely affect the chemical and mechanical 
properties of dentin. 
 
2.3.4.3.2.2 Chlorhexidine digluconate 
 
Chlorhexidine digluconate (CHX) is another widely used antimicrobial irrigant employed for 
disinfection. CHX permeates the outer membrane of microbes. In addition; CHX leads to coagulation 
of intracellular components at higher concentration. Several comparison studies have shown that 
NaOCl and 2% CHX have similar antimicrobial effects when used in root canal infections 
((Jeansonne and White, 1994; Vahdaty et al., 1993). However, CHX may be effective in killing the 
bacteria but it cannot remove biofilm and other organic debris alone. Therefore, it necessitates the use 
of NaOCl during instrumentation. In addition, the major disadvantage of CHX is its inability to 
dissolve tissue debris as it cannot be used alone in endodontic treatment. 
 
 
2.3.4.3.2.3 Ethylenediaminetetraacetic acid (EDTA) 
 
The most commonly used irrigant for removal of the inorganic material is ethylenediaminetetraacetic 
acid or EDTA. EDTA is a chelator that helps in the removal of the smear layer. The smear layer 
hampers the effects of disinfectants and also may lead to blocking or slowing down penetration of 
root canal medicaments in the dentinal tubules. Therefore, by aiding in cleaning and removing smear 
layer, EDTA helps in the elimination of microbes from the root canal system. 
Moreover, studies have shown when EDTA is used for smear layer removal it improves the 
antimicrobial effect of intracanal medicaments in deep layers of dentin (Haapasalo and Orstavik, 
1987; Orstavik and Haapasalo, 1990). Kishen et al. (2008) investigated the role of various irrigants on 
the adherence of E. faecalis biofilm to dentin. The adhesion force was evaluated using atomic force 
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microscopy. Significant increase in bacterial adherence was reported when EDTA was used as the 
irrigant as compared to NaOCl which showed reduced adherence.   
 
2.3.4.3.3 Agitation of the irrigants 
 
Irrigation has become an essential component in root canal treatment. Therefore, several methods 
have been devised to supplement the irrigation. The success of irrigation depends on the working 
mechanism of the irrigant and also the action of the equipment used to deliver and agitate the irrigant. 
Agitation of the irrigant can be done manually with syringe and needle or by engine driven 
instrumentation such as sonic and ultrasonic agitation.  
 
2.3.4.3.3.1 Manual agitation techniques 
Conventional irrigation with syringes and needles is widely accepted in clinical practice. It has been 
known to be an efficient technique for irrigant delivery. Conventional irrigation comprises of 
dispensing the irrigant into a canal with the help of needle/ cannulas of different gauges, either with 
agitation or passively. An advantage of syringe irrigation is that it permits reasonably ease of control 
of the depth of needle penetration in the root canal and the volume of irrigant that is flushed through 
the root canal. However, the flushing effect produced by conventional syringe irrigation is 
considerably weak.  Thorough root canal disinfection is difficult as inaccessible root canal areas and 
irregularities may harbour bacteria after conventional irrigation. A study reported that with 
conventional needle irrigation, the irrigant could only be delivered 1mm farther than the tip of the 




                                                                                                                                     Literature Review 
40 
 
2.3.4.3.3.2 Machine assisted irrigation 
 
2.3.4.3.3.2.1 Sonic irrigation 
 
In 1985, the use of sonic irrigation in endodontices was first reported by Tronstad et al (1985). Sonic 
operates at a lower frequency from 1-6 kHz and produces small shear stresses (Ahmad and Ford, 
1987). Additionally, sonic irrigation has been shown to be an effective method for disinfecting root 
canals. Sabins et al. (2003) and Stamos et al. (1987) concluded that the ultrasonic systems removed 
much more dentin debris from the root canal than sonic irrigation systems. However, in contrary to 
their findings, Jensen et al. (1993) reported no significant difference in residual debris between 
ultrasonic and sonic agitation techniques.  
Recently, the EndoActivator System (Dentsply Tulsa Dental Specialties, Tulsa, OK) has been 
introduced as a sonically driven canal irrigation systems. It uses sonic energy to activate irrigants in 
the root canal. However, using the similar technique, Brito et al. (2009) compared the effectiveness of 
three irrigation techniques in reducing intracanal Enterococcus faecalis populations and they reported 
that sonic agitation of irrigants such as EDTA and NaOCl with the EndoActivator device after 
chemomechanical instrumentation on single root canal did not show enhanced disinfection when 
compared to conventional needle irrigation. Therefore, other options like ultrasound system were 
proposed for agitation of irrigants. 
 
2.3.4.3.3.2.2 Ultrasonic agitation  
 
In endodontics, ultrasonics have been used with acoustic vibrations with frequencies around 25,000 
cycles/second. In 1980, Martin et al made an ultrasonic system to be used in endodontics. In 
comparison to sonic activation, ultrasonic activation generates higher frequencies but of lower 
amplitudes (Walmsley and Williams, 1989). The ultrasonic files oscillate at frequencies of 25-30 kHz 
in a multimodal fashion along the length of the file (van der Sluis et al., 2007). 
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To date, two types of ultrasonic systems have been used for the agitation of irrigants. The first is 
ultrasonic instrumentation (UI) and the second is termed as passive ultrasonic irrigation (PUI) which 
operates without instrumentation, planning or contact with the root canal walls. Several studies have 
shown cleaner root canals when they are prepared with ultrasonic devices when compared to 
conventional root canal filling (Cunningham and Martin, 1982; Martin et al., 1980; Stamos et al., 
1987). However, in contrast to these findings some studies have shown that ultrasound system as a 
debridement technique is inefficient (Pugh et al., 1989; Reynolds et al., 1987).  
 
2.3.4.3.3.2.3 Photoactivated Disinfection 
 
Recently, photoactivated disinfection (PAD) comprises of using a photosensitizer that is activated by 
a light of a specific wavelength in the presence of oxygen. The activated photosensitizer leads to 
formation of singlet oxygen and free radicals. These radicals damage proteins and cellular 
components. PAD has been used in dentistry to kill periodontal and endodontic infections.  PAD used 
on endodontic biofilms only has often shown not be effective in endodontic killing, leading many 
researchers to use PAD in combination with other antimicrobial strategies. 
 
Overall, our literature review shows that current techniques are hampered in their efficiency against 
bacterial biofilm present on the root canal system due to their complex structure and their 
development of antimicrobial resistance. This raises crucial concerns on the need for a new technique 
that could eliminate bacteria completely. Although, irrigants synergizes the disinfection effect of 
current techniques and permits further cleaning than what could be achieved by root canal 
instrumentation alone. However, efficient agitation of irrigants remains questionable.  Hence we 
propose HIFU to be used not only as a potential for removal and destruction of endodontic biofilms 
but also for agitation of irrigants to achieve complete disinfection.
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3 Chapter III: Hypotheses and Objectives 
3.1 Hypotheses:  
The null hypotheses of this study are:  
1. HIFU has no effect in removal and killing on E. faecalis biofilm attached to different substrates i.e. 
petri dish, root dentin discs and root canal. 
2. HIFU has no synergistic effect in conjunction with chemical irrigants such as NAOCl/EDTA on the 
removal and killing of bacterial biofilm. 
. 
3.2 Objectives 
To verify our null hypotheses, the study was carried out in phases to investigate the potential of HIFU 
as an alternative and efficient method for root canal disinfection with respective objectives.  
3.2.1 Phase 1: To study the effect of HIFU on E. faecalis planktonic suspensions. 
The objective of this phase was to analyse the bactericidal effect of HIFU on planktonic bacteria e.g. 
E. faecalis which is readily found in secondary infections. The rationale behind this phase was to 
investigate the true effect of HIFU on planktonic form of bacteria which are the simplest form of 
growth modes. 
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3.2.2 Phase 2: To study the effect of HIFU on E. faecalis biofilms on glass-bottom petri 
dish. 
The objective of this phase was to analyse the effect of HIFU in a more complex condition 
such as biofilms. The rationale for using biofilm growth mode in this phase was that biofilms 
are more complex and resistant than planktonic suspensions.   
3.2.3 Phase 3: To study the effect of HIFU on E. faecalis biofilm on root dentin –disc 
and whole root dentin surface. 
The objective of this phase was to analyse the effect of HIFU on biofilm attached to more 
adhesive and clinically relevant substrate i.e. root dentin disc and whole root canal dentin. For 
more clinical relevance, the effect of HIFU on biofilm present on dentin disc surface was 
investigated. The biofilm studied was grown on coronal dentine to mimic the in-vivo 
conditions.  
3.2.4 Phase 4: To study the effect of irrigants on HIFU efficacy. 
 The objective of this phase was to investigate the synergistic effect of irrigants with HIFU on 
E. faecalis biofilm removal and bactericidal effects. The rationale was to compare 
conventional irrigation technique with HIFU using the different irrigants and investigate its 
role in endodontic applications. 
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4 Chapter IV- Methods and Materials 
4.1 Experimental set up 
The experimental setup used in this study included a water tank, driving circuit, transducer, 




Figure 9: The experimental set up for HIFU.  
The transducer (A) supported on a brass backing (B) submerged in a water tank (C) filled with 3/4th water. The petri dish 
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4.1.1  Water tank 
 
A custom made water tank was designed with dimensions 15 (length) x 15 (width) x 25 (depth) cm. 
(Fig. 9). It allowed for full range of motion for the stand without the possibility of striking the 
hydrophone against the tank wall. The tank is placed in a ultraviolet hood to keep a steady position 
throughout the tests and prevents the water from spilling during experiments.  
As effectiveness of the measurements is highly influenced by the quality of testing medium, the water 
used was degassed by boiling distilled water for 30 minutes (Roveti, 2004) and stored in tightly sealed 
bottles placed at room temperature (20 °C) to ensure the speed of sound was constant over 
experiments done on different days. Water was used as a medium since ultrasound propagation in 
water closely approximates the propagation of an ultrasound beam in tissues with the exception of the 
effect of attenuation. The temperature of water can also affect accuracy of the power measurements. 
The recommendation is to carry out the measurements at a temperature of 20 to 27 ° C. The 
measurement should be restricted to a few minutes as continued testing, carried out at high power 
levels, will force out dissolved air and air bubbles can be seen on wall surfaces of the tank. Gentle 
brushing off of these bubbles is also suggested. 
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4.1.2  Driving circuit 
 
Figure 10:  Waveform generator (top) and Amplifier (bottom) used in this study. 
 
4.1.3  Waveform function generator 
An arbitrary waveform generator (20MHz Function/Arbitary Waveform Generator, Agilent 
Technologies, Santa Clara, CA, USA) from the manufacturer was designed to provide continuous 
wave of standard waveforms such as sine, square wave, ramp, etc. This study required continuous 
sinusoidal signal to a power amplifier which in turn is connected to a HIFU transducer. The actual 
driving circuit is shown in Fig 10. 
 
4.1.4  Amplifier  
A signal was run through a linear voltage amplifier (AG 1021, AG Series Amplifier, T & C Power 
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Conversion Inc, Rochester, NY, USA) to boost the power of the signal from the function generator 
(Fig 10). The amplifier output impedance was matched to the transducer via a matching network 
provided by the manufacturer of the HIFU source transducer. 
 
4.1.5 Transducer 
The transducer (Fig 11) used in this experiment is a bowl shaped 64 mm diameter piezo ceramic 
transducer (H- 115, Sonic Concepts, Inc., Bothell, WA, USA) with a resonance frequency of 250 kHz 
submerged in the water tank and placed on a brass backing. Such a transducer emits ultrasound waves 
only in liquids and solids as air is not a good conductor of sound. The transducer has a geometrical 
focus and focal depths of the transducer were 59.97 and 50.65 mm, respectively. 
The excitation signal was initiated by the signal generator which gets amplified through the amplifier 
and is sent to the transducer. 
 
Figure 11: Piezoelectric bowl shaped transducer. 
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4.1.6  Hydrophone  







                                                                                                                                                                
 
The hydrophone used in the study is a PVDF hydrophone RP 15 I (RP Acoustics, Germany). This 
needle type hydrophone has a nominal sensitivity of 184mV/MPa over the 1 kHz -3 MHz frequency 
range. Fig 12 shows the HIFU transducer and a calibrated needle hydrophone submerged in water. 
The hydrophone with an active sensitive diameter of 3 mm is attached with the help of a stand to get 
the lateral and axial profiles of the transducer, respectively. The peak-negative acoustic pressures 
were determined using the hydrophone system connected to a TDS 420A digitizing oscilloscope 
(Tektronix, Inc., Beaverton, OR, USA). The digitized signals were made to calibrate pressure values 
from the needle hydrophone measurements and to obtain correct values of acoustic pressure (in kPa). 
The ultrasound field in the tank is a standing wave. The conical shaped stream of cavitation bubbles 
occurs along the axis of the transducer. This is due to the focusing effect of the transducer. The 
strongest ultrasonic pressure (about 10 bar) is measured at the focus where the stream is the 
narrowest. The maximum negative pressure at the focal is measured by a PVDF hydrophone to be 
about 10 bar. In case of the hydrophone accuracy, it is frequency dependent. A calibration chart is 
provided by the manufacturer for converting voltage to pressure. We cannot measure pressure at 
operating amplitude because the cavitation would destroy the hydrophone. Thus 10 bar is an 
Hydrophone
e 
Figure 12: (a) Hydrophone (red) is used to measure the pressure at the focal point of the generated wave with the help of oscilloscope (b). 
a b 
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estimation of maximum negative pressure at the focus. This is an instrumental limitation of such 
hydrophones although they have good sensitivity. 
4.2 Measurement of temperature changes 
Preliminary assessment of the thermal changes caused by HIFU exposure at different time periods 
was done to determine the thermal effect and safety concern and to assess the risk of inadvertent 
damage to surrounding tissues. For this purpose, a temperature sensor (Ray Temp Infrared and Probe 
Thermometer; Electronic Temperature Instruments Ltd, Worthing, SXW, UK)  was inserted into a 15 
ml glass test tube containing 2 ml of distilled water and suspended in the water tank at the focus of the 
HIFU wave. Temperature changes during HIFU exposure were measured every 15 s over a period of 
2.5 min. The average value and standard deviation of the temperature variation from the room 
temperature of water before HIFU exposure was measured at different time points (0-150 s) at 15 s 
intervals. The temperature measurement measured by the temperature sensor is accurate to two 
decimal places. 
4.3  Inoculation of E. faecalis  
All manipulation was performed under aseptic conditions in a laminar flow hood. In this study, E. 
faecalis bacteria ATCC 29212 strain was used. E. faecalis was taken from a frozen stock culture, 
inoculated into brain heart infusion broth (BHI) (Sigma Aldrich, St Louis, MO, USA) and grown 
overnight at 37 °C and streaked onto BHI plates. A single colony was inoculated in 4 ml of BHI broth 
and cultures were grown overnight at 37 °C under shaking condition in an orbital incubator (100 




were adjusted to 
optical density at 0.6 at 600 nm wavelength using a spectrophotometer (UV-1700, Shimadzu, Tokyo, 
Japan). The bacterial suspensions were used for experiments for planktonic suspensions. 
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4.3.1 Phase 1: HIFU exposure on planktonic suspensions 
 
Figure 13:  Pictorial representation of the petri dish exposed to HIFU waves (cylindrical shape) generated from the 
transducer. 
 
Bacterial suspension (1 ml) was centrifuged and cells were re-suspended in 1 ml sterile distilled 
water, placed on the glass-bottom petri dish, and tightly sealed with waterproof tape. The petri dishes 
(n = 9/group) were divided into control (no treatment) and experimental groups. Each petri dish was 
held and positioned at the focal point of the generated HIFU by a custom made C-shaped metal holder 
fixed to a metal rod and subjected to HIFU at the focus at different time points of 30, 60 and 120 s at a 
driving voltage of 120 V as shown in Fig 13.  The time points were independent for each sample. 
Following HIFU exposure, 1 ml of water content was collected from each group serially diluted and 
100 µL of each dilution was inoculated on BHI agar plates and were streaked in triplicate and 
incubated overnight at 37 °C. The numbers of colonies on each plate were determined. Only colonies 
between the ranges of 30 to 300 per plate were taken into consideration. All experiments were 
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performed in triplicates. Cell survival was expressed in log 10 number of CFU remaining after 
treatment. 
 
4.4 Biofilm formation 




were adjusted to optical 
density at 0.6 at 600 nm wavelength using a spectrophotometer (UV-1700, Shimadzu, Tokyo, Japan). 
The bacterial suspensions were used for experiments on biofilm formation. 
Glass-bottom petri dishes with a diameter of 35 mm (Ibidi GmbH, München, Germany), root discs 
and root dentin, were used as substrates for biofilm attachment and growth. Each petri dish with a 
growth area of 3.5 cm
2
 was inoculated with E. faecalis suspension cells and was left undisturbed in 
the incubator at 37 °C for two weeks in aerobic conditions. The BHI medium was replenished once 
every two days to remove non-adherent cells. 
4.5 Specimen preparation 
4.5.1  Root discs 
Caries-free single rooted premolar teeth were used after approval by the Institutional Review Board 
National University of Singapore. All teeth were stored in 0.5% chloramine-T at 4 °C. Discs of 3mm 
height were cut from the middle third of the roots by a low speed diamond saw (Isomet Buehler, IL, 
USA) with water cooling. The root canal space of each disc was standardized using #2 Gates-Glidden 
burs (0.7 mm). Each specimen were placed in 5.25% NaOCl followed by 17% EDTA with 
ultrasonication, for 5 min and washed with distilled water for 1 min. All surfaces of each specimen, 
except the top surface, were coated with nail varnish to prevent entry of the culture-medium and/or 
bacteria. All specimens were autoclaved at 120 °C for 30 min and stored in sterile distilled water until 
they were used.  
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4.5.2  Root canal dentin 
Caries-free single rooted premolar teeth were used from a pool of recently extracted teeth for 
orthodontic reasons from patients aged from 16 to 25 years after approval by the Institutional Review 
Board, National University of Singapore. The external root surface was cleaned with manual scalers 
to remove periodontal soft tissue. Only those teeth with a fully formed apex were selected; roots with 
resorption defects, fractures or open apices were excluded. All teeth were stored in 0.5% chloramine-
T at 4 °C and used within 3 months following extraction.  
Crowns were sectioned below the cementoenamel junction so ensure that the lengths of all roots were 
adjusted to 12 mm, using a low speed diamond saw (Isomet; Buehler Ltd, Lake Bluff, IL, USA) with 
water cooling. Patency of each root canal was checked using a size 15 K-file and working length 
(WL) was established 1 mm short of the apex. Cleaning and shaping were performed to the WL with 
ProTaper Universal instruments to size F4 at the apical terminus and apically enlarged with ISO size 
#50 K-type file (Dentsply Maillefer, Ballaigues, Switzerland) to confirm constant exchange of 
bacterial culture medium during biofilm growth. Each canal was irrigated with 1 mL of 5.25% NaOCl 
between each instrumentation using a disposable 2 mL syringe and 27-gauge Monoject endodontic 
needle (Sherwood Medical, St Louis, MO, USA). After instrumentation, canals were filled with 1 mL 
17% EDTA for 2 min followed by washing with distilled water for 1 min. All specimens were 
autoclaved at 120 °C for 30 min and stored in sterile distilled water until they were used.  
Root canals were filled with 1 ml BHI broth culture (Brain Heart Infusion,) using insulin syringes 
(BD Plastipak, Becton Dickinson, NJ USA) and incubated for 24 h. Samples from the root canals 
were spread on plates containing BHI agar and immersed in tubes containing sterile BHI broth (Sigma 
Alrdrich, St. Louis, MO, USA). After 24 h, there was no growth of bacteria on the agar plates and 
when the content of the test tubes was without turbidity, complete sterility of samples was confirmed. 
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4.5.3 Root disc and root canal contamination 
Root dentin discs were used as substrates for biofilm attachment and growth. Bacterial suspension 
(1ml =10
8
 cells /ml) were harvested and inoculated on each dentin specimen in flat-bottomed 24 well 
polystyrene plates. Specimens were incubated at 37 °C under aerobic condition for two weeks in BHI 
medium. Medium was changed every alternate day. 
 Root canals lumens were filled with 10 μL of the bacterial suspension using sterile 1 mL insulin 
syringes without overflowing (Fig 14). The suspension was carried to the entire root canal length with 
a sterile K-file size 15 to uniformly coat the canal wall with the inoculum. The samples were then 
placed in sterile Eppendorf tube containing 1 mL of fresh BHI broth and incubated at 37
o
C under 
aerobic conditions for two weeks to develop E. faecalis biofilm within the root canal (Shreshtha et al., 
2012). The BHI medium was replenished into canals once every day to remove non-adherent cells. To 
verify the purity of the grown biofilms, samples obtained from the canals of two randomly selected 









Figure 14:  Root dentin specimens coated with nail varnish (pink) and attached to the Eppendorf tube with impression 
material. 
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4.6 Phase 2:  HIFU exposure on biofilms -Petri dish  
 After 2 weeks of incubation, BHI was aspirated and the biofilm formed on the glass-bottom petri dish 
was washed once with sterile PBS. Then, 2 ml of sterile distilled water was placed in the petri dish 
without disturbing the biofilm to remove any planktonic bacteria and sealed tightly with waterproof 
tape. The petri dishes (n = 9/group) were divided into control (no treatment) and experimental groups. 
Each petri dish was held and positioned at the focal point of the generated HIFU by a custom made C-
shaped metal holder fixed to a metal rod and subjected to HIFU at the focus at different time points of 
30, 60 and 120 s at a driving voltage of 120 V.  The time points were independent for each sample. 
Following HIFU exposure, 1 ml of water content was collected from each group, serially diluted and 
100 µL of each dilution was inoculated on BHI agar plates and were streaked in triplicate and 
incubated overnight at 37 °C. The numbers of colonies on each plate were determined and only 
colonies between the ranges of 30 to 300 per plate were taken into consideration. All experiments 
were performed in triplicates. Cell survival was expressed in log 10 number of CFU remaining after 
treatment. The source used was a sinusoidal wave of peak-to-peak amplitude of 120 V and 250 kHz. 
The removal and/or the bactericidal effect of HIFU on the E. faecalis biofilms were studied by the 
colony forming unit Assay (CFU), confocal laser scanning microscopy (CLSM) and scanning electron 
microscope (SEM). 
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4.7 Phase 3: HIFU Exposure on biofilms- Dentin Disc and Root 
Canal Dentin 
4.7.1 Dentin Disc 
 
Figure 15: Pictorial representation of HIFU set up (A) for exposure to root dentin discs (B) placed in glass test tube. 
 
 
After an incubation period of two weeks, BHI was removed and the biofilm formed on the dentin disc 
was washed gently once with sterile PBS. Each disc was attached to the bottom of a glass test tube 
using rubber-base impression material (Aquasil Ultra-Heavy, Dentsply, USA) such that the surface 
with the biofilm was facing upward freely (Fig 15 B). Then 2 ml of distilled water was gently placed 
without disturbing the biofilm. The test tube was then capped and sealed tightly with waterproof tape.  
Each petri dish is approximately placed at the focal generated by the transducer (Fig. 15 A). A conical 
stream of bubbles is produced at a high driving voltage of ~120Vpp. The waveform used is sinusoidal 
and continuous wave. The focal is determined where the cross-sectional of the bubble stream is 
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minimum. The specimens were divided into control (no treatment) and experimental groups with 
exposure time periods of 15 s, 30 s, 60 s and 120 s. The time points were independent for each 
sample. The biofilm removal was evaluated by confocal and scanning electron microscopy along with 
colony forming unit assay (CFU) for killing effect. 
4.7.2 Root canal Dentin  
After an incubation period of 2 weeks, BHI was removed and the biofilm formed on the root dentin 
was washed gently once with sterile PBS. Each root dentin was attached to the bottom of an 
Eppendorf tube using rubber-base impression material (Aquasil Ultra-Heavy, Dentsply, USA) (Fig 
16). Then 2 ml of distilled water was then gently placed without disturbing the biofilm. The tube was 
then capped and sealed tightly with waterproof tape. Each specimen was positioned to be centred at 
the focal point of the generated HIFU. HIFU waves were generated by the transducer with a driving 
voltage of about 120 V. The source used was a sinusoidal wave of peak-to-peak amplitude and 250 
kHz. The specimens were divided into control (no treatment) and experimental groups with exposure 
time periods of 30 s, 60 s and 120 s. The time points were independent for each sample. The biofilm 
removal was evaluated using SEM and killing effect with colony forming unit assay (CFU). 
 
 
Figure 16:  Root dentin with biofilm attached to Eppendorf using rubber-base impression material. 
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4.8  Phase 4: HIFU Exposure on biofilms- Root canal Dentin with 
Irrigants. 
4.8.1 Root canal Irrigants used: EDTA and sodium hypochlorite (NaOCl). 
Four experimental groups and one untreated control group (n = 10) were established according to the 
classification mentioned below. Irrigation was carried out in test irrigant solutions - sodium 
hypochlorite and EDTA. All procedures and sampling were done under strict aseptic conditions 
within a biosafety cabinet. Each apical foramen of the root dentin specimens prepared as mentioned 
previously, was sealed with sticky wax (Kemdent, Swindon,UK) and the root surface covered with the 
bonding agent (Adper ™ Single Bond, 3M, USA) to prevent leakage of bacteria and the passage of 
irrigant through the apical foramen (Meire et al., 2009) to ensure  a closed root canal system for 
irrigation. In order to simplify the manipulation during contamination and irrigation procedures, 
specimens were fixed in a 2 mL Eppendorf tube (Eppendorf, Hamburg, Germany) with rubber-base 
impression material (Aquasil Ultra-Heavy, Dentsply, USA).  
 
4.8.2 Classification of the Groups 
 
4.8.2.1  Control group (no HIFU):  
In this group, the root canal was filled with 2 ml sterile distilled water solution, and the water was 
removed and bacteria were collected from the root canal. Counting of CFUs of this group served as 
the basis for comparison with other groups. 
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4.8.2.2  Conventional syringe irrigation group with NaOCl: 
In this group, root canal irrigation was carried out using 2.5 % NaOCl (2 ml) delivered using a 10 ml 
disposable syringe with a 27 gauge Monoject endodontic needle for 2 mins. The needle was placed 
1mm from the WL.  
 
4.8.2.3 Conventional syringe irrigation group with EDTA:  
Same procedure was followed as for group 2 except 17% EDTA solution was used as irrigant. 
 
4.8.2.4 “HIFU NaOCl”:   
A 2 ml of 2.5% NaOCl solution was delivered inside the root canal placed in the Eppendorf. The tube 
was sealed with waterproof tape, clamped from the top and placed at the focal point of the HIFU 
generated waves and subjected for 2 min to same experimental conditions as the root dentin 
mentioned previously. 
 
4.8.2.5  “HIFU EDTA”:  
Same experimental procedure was repeated as above group with the replacement of NaOCl with 17% 
EDTA. 
4.8.2.6  Harvesting the Biofilm 
4.8.2.6.1  Microbiological analysis for petridish and root dentin biofilm. 
Immediately after the HIFU exposure, water was collected from the following i.e. petri dishes, test 
tubes in which root dentin discs were placed and eppendorf tubes containing the sectioned root canals 
of experimental group (HIFU treated) and/or control group (No HIFU treatment) (n = 10 /group).  
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Tenfold serial dilution was made and 100 µl aliquots were plated on BHI agar plates. All plates were 
incubated for 24 h at 37 °C. Only the plates with number of colonies in the range of 30-300 were 
taken for counting and CFU was done. Experiments were carried out 3 times and each time in 
triplicate. After water collection for CFU assay, the 10 petri dishes, root dentin discs for each group 
with attached biofilms were used for CLSM (n = 6) and SEM (n = 4) investigations.    
 
For Phase 3, ie the whole root canal dentin, CLSM was not possible because of technical issues. It 
was decided to divide some roots for SEM and some roots for CFU. The rationale was to check the 
viability of the disrupted bacteria from the root canal dentinal wall in the water collected after HIFU 
exposures at different time periods by CFU and removal effect by SEM. 
For Phase 4, after HIFU treatment, the root canals were dried with sterile paper points (Dentsply 
Maillefer, Ballaigues, Switzerland) and filled with BHI broth. A  sterile #15 K-file was placed in the 
canal  within 1 mm of the working length, and the canal was circumferentially filed for 10 s to collect 
as much as biofilm as possible. The paper points and file were transferred into an Eppendorf 
containing BHI broth and vortexed for 15 s to disperse the organisms (Barthel et al., 2002; Siqueira et 
al., 2010). All collected samples were serially diluted, streaked on BHI agar plates and incubated 24 
hours at 37
o
C. Cell survival was expressed as in log 10 number of CFU remaining after treatment. The 
removal effect of HIFU on some roots were analysed by SEM. 
4.9  Scanning electron microscopy (SEM). 
Vertical grooves were made on the proximal surfaces of the root dentin discs and root canal to split 
the tooth into two halves. The biofilms attached to the glass-bottom of the petri dish, root dentin discs 
and root dentin were immersed in a fixative solution containing 2.5% glutaraldehyde in phosphate 
buffered saline for 4 hours. The specimens were then treated with 1% osmium tetroxide for 1 hour, 
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washed three times for 10 min each in phosphate buffer, and washed again with distilled water. The 
specimens were dehydrated in increasing concentrations of ethanol in the following manner: 
1 25% ethanol  5 mins 
2 50% ethanol 10 mins 
3 75% ethanol 10 mins 
4 95% ethanol 10 mins 
5 100%  ethanol 3 x 10 min changes 
Following dehydration, the specimens were dried in a critical point dryer (CPD30 Baltec; Leica, 
Guyancourt, France), mounted onto aluminium scanning electron stubs, and sputter coated with gold-
palladium for 60 s under vacuum. Specimens were imaged using SEM (XL30 FEG SEM, FEI, USA), 
operated at an accelerating voltage of 10 kV, and representative areas of the dentin surfaces were 
imaged at 2000X  magnification. 
4.10 Confocal laser scanning microscopy (CLSM) 
CLSM was done to examine the structural damage caused by HIFU on two week old E. faecalis 
biofilm on petri dish and root dentin discs. 
The specimens with attached biofilm were stained with FilmTracer™ LIVE⁄DEAD Biofilm Viability 
kit (Invitrogen, USA) according to manufacturer’s instructions. SYTO-9 dye was used for live cells 
and propidium iodide (PI) stains was used for dead cells (Vitkov et al., 2005). The dyes were used in 
1:1 ratio and added to 1 ml of sterile distilled water. Only 200 µl was added to the specimens for 20 
min at room temperature in a dark room to avoid staining of dentin (Ordinola-Zapata et al., 2012). 
Images were obtained using Kr/Ar laser (488 nm excitation wavelength) fitted with a long-pass 514 
nm emission filter. From each specimen, six random areas were selected and imaged using 60X water 
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immersion lens. The optical slices of the biofilm were viewed and biofilm thickness was analysed by 
IMARIS 6.3 software (Bitplane Scientific, Zurich, Switzerland). 
4.11 Statistical analysis 
Data were expressed as means and standard deviations. One-way ANOVA was used to test the effect 
of HIFU treatment on CFU of both planktonic and biofilm detached bacteria and on biofilm thickness 
(µm). Post-hoc test (Tukey’s) was done for pair-wise comparison between groups. P-values less than 
0.05 were considered significant.
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5 Chapter V: Results 
5.1 Temperature variation 
In order to evaluate the possibility that biofilm destruction occurred due to mechanical cavitation 
rather than thermal mediated lysis, we ascertained the extent to which HIFU exposure increased the 
temperature of water at the focus. The variation in water temperature (temp. rise) with the time of 
HIFU exposure is shown in Fig. 17. An approximately linear increase in temperature was found with 
the increase in HIFU exposure. However, the temperature rise was approximately 1°C at the time 
intervals between 15-120 s exposures to HIFU. 
Figure 17: The variation in temperature rise from room temperature of water with increasing time of HIFU exposure. 
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Figure 18: Means and standard deviation of the surviving log number of bacteria (CFU) after different HIFU exposure times 
to planktonic suspensions of E. faecalis. Groups with different letters are statistically significant. (P ≤ 0.05) * No viable 
bacteria was detected 
 
The effect of HIFU exposure at different time periods on CFU of planktonic suspension is shown in 
Fig 18. A significant reduction in cell viability was found after 30 s exposure to HIFU compared to 
the control (P ≤ 0.05). No viable cells were detected after both 60 and 120 s exposure to HIFU in 
planktonic suspensions.   
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5.3 Phase 2: The effect of HIFU on E. faecalis biofilms on glass-
bottom petri dish 
Fig. 19 shows the results of CFU assay of bacterial cells detached from the biofilm for control and 
experimental groups. Significant increase in CFU was found after HIFU exposure for 30 s compared 
to the control group (P ≤ 0.001). At 60 s exposure to HIFU, the CFU was significantly higher than the 
control group (P ≤ 0.05), although it was significantly less than the 30 s exposure to HIFU. No 
difference was found in CFU between the control group and after 120 s exposure to HIFU.   
 
Figure 19: Means and standard deviation of the surviving log number of bacteria (CFU) after different HIFU exposure times 
to biofilms of E. faecalis. Groups with different letters are statistically significant. (P ≤ 0.05). 
CLSM image shows untreated (control) biofilm as a multi-layered dense network structure 
comprising of live and dead cells (Fig. 20a). The SEM image (Fig. 21a) of untreated biofilm showed a 
cotton wool like appearance of biofilm. Large colonies of bacteria were found embedded in their 
extracellular matrix (Fig 21a).  The initial thickness of biofilm was found to be 18.4 ± 4.3 µm (Fig. 
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22). At 30 s of HIFU exposure, the removal effect of the biofilm structure can be seen in both CLSM 
(Fig. 20b) and SEM (Fig. 21b) images and this was confirmed by the significant reduction in the 
biofilm thickness (5.2 ± 1.2 µm) compared to the control group (Fig. 22). Moreover, CLSM image at 
30 s showed mostly the viable bacteria (stained in green) on the surface with few dead colonies of 
bacteria (stained in red) (Fig. 20b). Large clusters of biofilm were found to be removed but small 
colonies of bacteria remained attached to the substrate.  The biofilm after 30 s of HIFU treatment was 
















Figure 20: Three dimensional CSLM images showing structure of biofilms exposed to different HIFU exposure times. The 
biofilms were stained with SYTO-9 (green) and propodium iodide (red). (a) The untreated control showed a highly compact 
three dimensional structure of biofilm with live (green) and dead (red) cells. Bacterial cells with dense network of biofilm 
covering the entire petridish surface and with majority of cells alive. (b) Less dense biofilm showing some disruption of 
biofilm when exposed to HIFU for 30 s. (c) Specimens when exposed to HIFU for 60 s show more disruption of the biofilm 
structure with visible increase in dead (red) cells on the glass-bottom of petri dish surface. (d) Few dead cells can be seen 
attached to the glass-bottom of petri dish when exposed to 120 s. 
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Figure 21: Selected SEM images of different time HIFU exposure on glass-bottom petri dish. 
(a) Untreated (control group) biofilm showing a mature, complex three dimensional intact biofilm structure after a two week 
incubation.  Cotton wool like appearance of microcolonies of bacterial cells with interconnecting water channels, covering 
the entire petridish surface. b) HIFU exposure for 30 s shows less dense  biofilm mass and some removal of E. faecalis 
biofilm as compared to the control. (c) Exposure to 60 s yielded greater removal effect which could be seen as visible 
disruption of the highly organized biofilm structure. Remaining microbes appear scattered with disrupted cell walls (d) A 
drastic decrease in the number of adherent bacterial cells. Cells appear irregular in shape with no biofilm mass observed on 
the petri dish surface. Few bacteria are seen on the surface of glass-bottom after exposure to HIFU for 120 s with complete 
disruption of biofilm structure. Cells are also scattered leaving behind some white areas which could probably be the 
remnants of biofilm. 






Figure 22:  Variation in biofilm thickness observed over different HIFU exposure times. 
The biofilm thickness decreases with increasing exposure time. Groups labeled with different letters are significantly 
different (P ≤0.05). 
 
The removal effect of HIFU on biofilm was more pronounced at 60 and 120 s of HIFU exposure as 
shown in both CLSM (Fig. 20c, d) and SEM (Fig. 21c, d) images, respectively. In addition, CLSM 
images showed most of the bacteria still attached to the petri dish glass surface at both 60 and 120 s 
were non-viable cells (stained in red) compared to 30 s exposure to HIFU (Fig. 20b). SEM analysis 
showed the removal effect of HIFU at 60 s and 120 s (Fig. 21c, d). We found biofilm remnants 
attached to the substrate after 60 s of HIFU exposure (Fig. 21c; white areas) but majority of the 
biofilm remnants were found to be removed from the substrate at 120 s (Fig. 21d; white area).  
Furthermore, a significant reduction in biofilm thickness with the increase in HIFU exposure time was 
also established (Fig. 22) with minimum thickness measured at 120 s exposure to HIFU (2.1 ± 0.97 
µm). 
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5.4 Phase 3: The effect of HIFU on E. faecalis biofilm on root 
dentin disc and root dentin surface 
5.4.1 Root dentin disc  
With HIFU exposure, biofilm removal was dependent on time as seen in the SEM images (Fig.23a-e) 
and confirmed by confocal microscopy (Fig.23g-k). The control group showed a dense network of 
biofilm structure seen in the SEM and confocal images with live and dead cells. Starting from 30 s 
exposure, the biofilm removal effect of the HIFU can be clearly seen when compared to the control 
with both SEM and CLSM. The 120 s exposure was the most effective in the removal of biofilm (Fig. 
23e, k). Only limited number of bacteria can be seen in the dentinal tubules after 120 s exposure to 
HIFU (Fig. 23f). 
 




Figure 23: Selected SEM (2000X) and confocal images (60X) of HIFU exposed root dentin disc specimens. 
Control dentin specimen (a,g) showing dense biofilm covering the dentinal tubules after 2-week incubation on untreated 
tooth surface. Specimen exposed to HIFU for 15 s (b, h) showed a slightly less dense biofilm. With increasing HIFU 
exposure time to 30 s (c, i) and 60 s (d, j), biofilm removal effect was clearly visible. The majority of attached bacteria are 
dead particularly with 60 s exposure (j). The removal effect of bacterial cells from dentin surface was more pronounced with 
120 s (e, k) and only few bacteria could be visible in the dentinal tubules (f). Green and red indicate live and dead cells 
respectively. 
 















Figure 24: Analysis of the effect of different time HIFU exposure on biofilm. 
 (a) Variation in biofilm thickness to different time HIFU exposure. (b) Colony forming units/ml of surviving bacteria in the 
water collected after different time HIFU exposure. 
 
There was a significant reduction (P ≤ 0.05) in the biofilm thickness with the increase in the exposure 
time to HIFU (Fig. 24a). The maximum thickness was 32 ± 8.8 µm before exposure to HIFU which 
reduced to the minimal measurable value at 60 s exposure (8 ± 2.6 µm). At 120 s, the biofilm was 
almost nearly removed such that accurate and reliable measurement was not possible at this exposure 
time.  
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Significant increase (P ≤ 0.05) in CFU was found up to 30 s exposure to HIFU in comparison to the 
control group (Fig. 24b).  However, at 60 and 120 s, the CFU values were significantly decreased 
compared to the 30 s exposure. In addition, at 120 s of exposure to HIFU, only few dead bacteria were 
found to be attached on the dentin surface as evident from confocal images (Fig. 23k). In contrast, at 
60 s exposure to HIFU, larger numbers of dead bacteria were seen attached to the dentin surface (Fig. 
23i, 23j). However, for the control group and the 15 s exposure group, the majority of the bacteria 
attached to dentin were live cells (Fig. 23g, 23h). 
5.4.2 Root canal dentin surface 
The control group showed dense network of biofilm when compared to 30 s HIFU exposure covering 
the whole root surface (Fig 25a). Significant removal effect at 30 s of HIFU exposure can be seen 
with SEM, showing dispersion of biofilm (Fig 25b) and also from CFU results of the bacteria 
collected from the water (Fig 26). As the exposure time is increased from 30 s to 60 s, the bactericidal 
effect of HIFU is observed from the log number of CFU showing a reduction in the values. At 60 s, 
biofilm is disrupted with scattered bacterial cells on the root surface (Fig 25c). In addition, the CFU 
values also show significant difference (P ≤ 0.05). Moreover, at 120 s exposure to HIFU, majority of 
biofilm bacteria are detached from the root canal surface (Fig 25d) and also lower counts of CFU 
demonstrated the bactericidal effect (Fig 26). 
 
 




Figure 25: Selected SEM images of root dentinal surface wall of HIFU exposed specimens. 
Control (no HIFU treatment) root dentin specimens (a) showing dense network of two week old E. faecalis biofilm. 
Specimens exposed to HIFU for 30 s (b) showed the removal effect of HIFU. Some bacteria are still attached to the surface. 
When specimens are exposed to 60 s (c), there was less adherent bacteria on the root dentin and (d) specimens show a nearly 








Figure 26: Colony forming units of surviving bacteria collected from water after different time points of 30, 60 and 120 s 
HIFU exposure. The means and standard deviations are shown as whiskers. 
 
 
5.5 Phase 4: The effect of different irrigants along with HIFU. 
Fig 27 shows the CFU counts and SEM images of surviving bacteria after HIFU exposures to E. 
faecalis biofilms on root canal dentinal wall surface using different irrigants. The control group 
showed a greater CFU count of surviving bacteria attached to the dentin surface (Fig 27a). In addition, 
the SEM images show a dense network of biofilm firmly attached to the root surface with 
interconnecting water channels (Fig 27b). In the groups treated with EDTA, bacterial reduction was 
observed; however, there was no significant difference (P > 0.05) in the groups treated with EDTA 
for both when conventional irrigation method or HIFU was used. Specimens irrigated with NaOCl in 
the conventional and HIFU group show significant reduction in CFU (P ≤ 0.05). The conventional 
group shows some remnants of NaOCl on dentin surface along with some bacteria attached (Fig 27c). 
Significant difference (P ≤ 0.05) is observed between conventional and HIFU irrigation methods 
when NaOCl was used as an irrigant (Fig 27a). 




Figure 27: Means and standard deviation of the surviving log number of bacteria (CFU) collected from root dentin after 
different HIFU exposure times on E. faecalis. Selected SEM images of root dentin specimens after treatment with either 
conventional irrigation or exposed to HIFU for 120 s with NaOCl or EDTA. 
The control specimens (b) show a dense network of 2- week old biofilm grown on root dentin surface. Inter connecting water 
channels between colonies of microorganisms could be observed. The specimens belonging to “Conventional irrigation with 
NaOCl” group (c) show some remnants of NaOCl along with some bacteria left attached to the root surface. The specimens 
in group “HIFU NaOCl” (e) show complete removal of bacteria. The specimens in both groups “Conventional irrigation 
with EDTA” (d) and “HIFU EDTA” (f) show large number of bacteria attached to root surface compared to control 
specimens.
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6 Chapter VI: Discussion 
A more complete disinfection of the root canal from bacterial biofilm is one of the vital issues in 
endodontic dentistry which has been addressed for many years. Currently, the elimination of the 
endodontic infection is achieved mainly through mechanical instrumentation and chemical irrigation 
techniques. With mechanical instrumentation, complete root canal disinfection has not been achieved. 
(Weiger et al., 1998). Even with the recent advancements in mechanical instrumentation, it has been 
reported that mechanical instrumentation alone is unable to efficiently eradicate the bacteria 
completely (Bystrom and Sundqvist 1981; Orstavik and Haapasalo 1990). Therefore, to improve the 
efficacy of mechanical instrumentation, it was proposed that chemical irrigation should be added 
along with mechanical instrumentation.  Several irrigants such as NaOCl and EDTA have been 
recommended for use in the treatment of root canal infections. Studies have shown, regardless of the 
concentration of NaOCl used, microbes still persist after chemomechanical preparations (Siqueira JF 
2009, Cvek 1976).  EDTA, as an antimicrobial, has shown minimal bactericidal effect on E. faecalis 
planktonic and biofilm (Arias-Moliz et al., 2008; Arias-Moliz et al., 2009). In previous studies 
conducted by Ciucchi et al. (1989) and Abbott et al. (1991), they showed the use of EDTA or EDTA 
together with NaOCl as irrigants in conjunction with ultrasound, did not improve removal of smear 
layer with bacteria. Intracanal medicaments such as calcium hydroxide when used to disinfect canals 
have reported the presence of residual microbes in 7- 35% of teeth when it was used over one week 
period in the root canal (Orstavik et al., 1991; Peters et al., 2002; Reit et al., 1999).  Microorganisms 
have developed resistance to antimicrobials because of their frequent usage.  Nair et al. (2005) 
demonstrated that biofilm formed from bacterial communities found in inaccessible parts of the 
complex anatomical structures of the root canal of teeth cannot be removed by conventional 
instrumentation and irrigation alone. 
.Newer approaches such as high power laser and photodynamic therapy have been introduced. 
However, lasers have been reported to cause damage in the form of dentin charring, cementum 
melting, ankylosis, periradicular necrosis and root resorption (Bahcall et al., 1992). Moreover, the 
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anatomical complexities of the root canal system and the presence of bacteria in inaccessible areas 
make bacterial eradication more challenging (Peters et al., 2001; Nair et al., 2005). In this study, we 
have demonstrated HIFU as an alternative treatment option for the removal and killing of bacteria 
from different substrates for potential clinical application.  
 
 For this laboratory project, E. faecalis was chosen as a test organism. The reason for selecting this 
organism was the fact that it was the most commonly used bacteria in endodontic research. E. faecalis 
has become a focus of great interest due to its prominence in failed root filled teeth associated with 
post treatment apical periodontitis. A study by Portenier et al. (2001) pronounced E. faecalis as the 
rootcanal survivor and star in secondary endodontic infection. E. faecalis own a number of virulence 
factors such as enterococcal surface protein (esp), cytolysin toxin, aggregation substance (AS), 
gelatinase, antibiotic resistance determinant and capsular polysaccharides. These factors are thought 
to give E. faecalis the ability to resist antimicrobial medicaments and chemicals used during root 
canal therapy (Distel  et al., 2002) in addition to its ability to form biofilm on root canal dentin in  
either nutrient-deprived (George et al., 2005) or medicated conditions (Kishen et al., 2008). Kishen et 
al. (2008) support its persistence in secondary endodontic infections. A previous study reported E. 
faecalis was present in 38% of teeth which had cultivable culture (Sundqvist et al., 1998). In addition, 
to its being the most recovered microbe from the root canal it is also present in the root filled teeth as 
a single species. This study was followed up to 5 years and it was reported that teeth in which E. 
faecalis was isolated had lower success rate of 66% in comparison to other groups which had other 
cultivable bacteria.  Moreover, several studies have reported E. faecalis as the most common species 
isolated from root filled teeth with apical periodontitis (Baumgartner et al., 2004; Gomes et al., 1996; 
Portenier, 2003). 
As the effect of HIFU on E. faecalis has never been studied before, it was important to analyse the 
initial effect of HIFU on E. faecalis. The study was carried out with HIFU on planktonic suspensions 
of E. faecalis bacteria. Planktonic growth mode of bacteria has been used in past studies to evaluate 
the effects of various disinfection techniques. As with previous studies, we started from the simplest 
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form of growth mode of microbes i.e. planktonic suspensions, rather than directly conducting tests on 
more complex biofilm structures to evaluate if there were any beneficial effects of the HIFU 
technique on such suspensions. This was also important for to establish a more consistent and 
replicable model for standardization of the HIFU setup. We found the bactericidal effect of HIFU on 
planktonic bacteria suspension with increase in exposure time. This led to the use of more complex 
conditions i.e. E. faecalis biofilm to promote the clinical application of HIFU.  
E. faecalis is generally found to be in the form of biofilm in the oral cavity. Additionally, bacteria is 
found to be more resistant once they form a biofilm (Distel et al., 2002). It has been shown that 
bacterial biofilms are found to be more resilient than planktonic bacteria of the same species (Ceri et 
al., 1999). In addition, a study reported that subgingival biofilm when subjected to clindamycin, 
amoxicillin, tetracyclin and erythromycin showed significant resistance in comparison to planktonic 
partners. It required higher concentration of about 250 times to inhibit bacteria in a biofilm state than 
the same strain in planktonic state (Sedlacek and Walker, 2007). Consequently, there is a shift by the 
researchers from the planktonic research model to a biofilm research model which we have adopted in 
our model of study. Furthermore, it was important to analyse the total effect of HIFU on biofilm. The 
glass-bottom dish was used initially (Phase 2) for the growth of E. faecalis biofilm in order to 
standardize our setup and to avoid the confounding factors of root canal anatomy of dentin. In 
addition, it demonstrated the true effect of HIFU and that it could be used as a substrate for biofilm 
growth. The glass-bottom petri dish was also selected as CLSM imaging was possible without the 
need to disturb the biofilm (Merritt et al. 2011).  
Therefore, in Phase 2, an in vitro experimental model of biofilm was developed using E. faecalis 
bacteria grown on glass-bottom petri dish. In this phase of study, HIFU had both removal and 
bactericidal effects based on the time of exposure. Short exposures (30 s) of HIFU exposure resulted 
in removal of E. faecalis biofilm from the petri dish. However, prolonged exposures (60-120 s) 
resulted in bactericidal effects. The results were confirmed by CFU, SEM and CLSM images (This 
work has been accepted in the Journal of Ultrasound and Medicine and Biology).  
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 Encouraging results from Phase 2 led to the use of dentin as a substrate for the rest of our study 
(Phase 3) for a more clinically relevant application of this technique.  Although glass-bottom petri 
dish provides optimal standardization conditions, they do not duplicate the important characteristics of 
dentin such as presence and density of dentinal tubules and roughness (Mjor and Nordahl, 1996). 
Additionally, the reason for choosing dentine as a substrate was due to its representation of prime 
substratum for bacterial adhesion and biofilm formation. The substratum influences the production of 
signalling molecules that control cell virulence and also affects the early adhesion of colonizing 
bacteria (Chavez de Paz et al., 2010; Dewez et al., 1998). It has been shown that the biofilm 
development on the root surface resulted in its penetration into the dentinal tubules which makes them 
more resistant as demineralized collagen fibres  in dentinal tubules serve as an ideal  substrate for  
bacterial biofilm adhesion (Dai et al., 1991; George et al., 2005; Liu and Gibbons, 1990). 
 
 In Phase 3, dentin root discs were used initially to see if there was any effect of HIFU instead of 
using a whole root canal dentin. The study progressed with growing of biofilms in root canals of 
extracted teeth to provide a more realistic clinical scenario (Foley et al., 1983; Shih et al., 1970). In 
both phases (Phase 3- Phase 4) of the study, we exposed the biofilm to different time points (30-120 
s). Initial exposure of HIFU for 30 s resulted in removal/disruption of the biofilm only. Viability 
testing also showed no significant bactericidal effects of HIFU till 30 s. The possible description for 
this removal effect without bactericidal effect of HIFU could be due to the ability of the generated 
waves jets to remove and disperse the clumped bacterial cells from the biofilm for short periods of 
time. This effect could be due to high resistance of biofilm as mentioned in the previous section. 
However, it was in our interest to analyse whether HIFU could have any bactericidal effect with 
increasing exposure time while using dentine as substrate. To answer this question, we increased the 
exposure time of HIFU. 
A step wise increase of the HIFU exposure time to 60 s and 120 s were added to investigate the 
bactericidal effect of HIFU on biofilm. Interestingly, there was a significant reduction of cell viability 
(CFU) at 60 s and 120 s exposure compared to 30 s of HIFU exposure (Phase 2-Phase 3). It could be 
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due to the effects of the initial exposure of HIFU for 30 s which results in the disruption of the E. 
faecalis biofilm; as a consequence of dispersion of bacteria from their niche (biofilm). These 
“dispersed out” bacteria (from the biofilm) were not resistant to HIFU and act as planktonic bacteria 
which succumbed when exposed to HIFU.  
HIFU is a mechanical phenomenon which involves the production of gas cavities in an acoustic field 
(Hynynen, 1991; Yang et al., 1991). This leads to violent cavitations with forceful collapse of bubbles 
producing high speed jets resulting in destruction of the cell membrane. One of the prime advantages 
of cavitation is a constant mechanical wave which gives bacteria less time to adapt to such stresses as 
compared to antimicrobial chemicals to which they develop resistance over time (Vollmer et al., 
1998). Similarly, HIFU exposure for 60 and 120 s was found to be efficient enough to kill these 
washed out bacteria from the dentine substrate. Additionally, when comparing the 60 s and 120 s 
exposure time periods, the increased HIFU exposure resulted in bacterial death and very few 
remaining non-viable bacterial cells were seen attached to the substrate surface after 120 s exposure of 
HIFU.  
Our findings is in agreement with the assumption that the cavitational activity generated by HIFU 
could be responsible for bacterial cell disruption and killing reported in a previous study of HIFU on 
E. coli and P. aeruginosa biofilms (Bigelow et al., 2009; Xu et al., 2012). Briefly, cavitation is 
defined as creation of gas filled cavities in an acoustic field. Additionally, there are two types of 
cavitation: stable and inertial cavitation. In  stable cavitation, the bubbles are in stable oscillation as 
compared to inertial cavitation where violent oscillations occur and bubbles grow and eventually 
collapse against a solid surface releasing a high velocity of jet waves that disrupt the cell membranes 
(Holland and Apfel, 1990; Marmottant and Hilgenfeldt, 2003).  
A clarification was deemed necessary to differentiate if the effect of HIFU is due to the cavitational 
bubble mechanics or to thermal effects (due to increase in temperature). In order to exclude the 
possible thermal effect as the cause of biofilm disruption, a simple preliminary measurement of the 
temperature rise induced by the HIFU exposure was done. Accordingly, the same amount of water 
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placed in the petri dish (2 mL) was placed in a glass test tube and the variation in the water 
temperature with HIFU exposure time was recorded. The data demonstrated that the maximum 
temperature rise over a 120 s time period was around 1 °C at all-time points. This negligible 
temperature variation does not support the possibility that the bacteria were killed by thermal effects 
(Fig. 17). It is important that the safety issues of the thermal effects of HIFU on dentin should also be 
taken into consideration. The observed temperature elevation of 1°C is within the acceptable range 
(<10°C) as  this negligible temperature rise should not cause irreversible damage to the surrounding 
tissues of the tooth (Eriksson and Albrektsson, 1983). Whilst the preliminary results of the 
temperature rise is within the acceptable range, measurement of temperature rise due to HIFU 
exposure inside the root canal should also be considered owing to the difference between the 
experimental conditions used in this preliminary in vitro measurement with the in vivo conditions in 
the root canal system. 
 Our findings in Phase 3 directed us to investigate the effect of HIFU used together with irrigant 
(Phase 4). In the last phase (Phase 4), the effect of HIFU on removal and killing of E. faecalis biofilm 
from the root canal of the extracted tooth used together with antibacterial irrigants were investigated. 
E. feacalis biofilm was grown on root surface and were treated with/ without HIFU together with 
conventional irrigants (NaOCl or EDTA as irrigants). NaOCl and EDTA are most commonly used 
irrigants for root canal therapy.  One of the vital qualities of an ideal irrigant is its capability to 
eliminate and kill the microbes within the root canal system. NaOCl and EDTA were selected as 
several studies have reported NaOCl to be highly effective in killing bacteria (Haapasalo et al., 2000).  
NaOCl also dissolves the organic component of debris. EDTA is a chelator and removes the smear 
layer and inorganic material from the root canal. Studies on EDTA demonstrate smear layer removal 
with improvement of the antimicrobial effect of intracanal medicaments in deep layers of dentin 
(Haapasalo and Orstavik, 1987; Orstavik and Haapasalo, 1990). Kishen et al. (2008) investigated the 
role of EDTA on the adherence of E. faecalis biofilm to dentin. To answer the  research question as to 
which irrigant could maximise the removal and bactericidal effects of HIFU, 120 s of HIFU exposure 
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was selected based on the previous work as this time point showed efficient biofilm removal and 
eradication.  
Our SEM images showed that HIFU used together with NaOCl was found to be more efficient in 
removal of biofilm from the root dentine surface (Figure 27b-f).  In order to complement the results 
obtained from SEM images, the microbiological examination was included to enable counting of 
CFUs. The microbiological results confirmed our findings of the SEM. NaOCl with HIFU was found 
to be most effective in killing the detached bacteria (Figure 27a) from E. faecalis biofilm from the 
root canal compared to all groups. It could possibly be due to the combined effect of irrigation in 
conjunction with ultrasonic cavitation in removing organic and inorganic debris from root canal walls.  
In addition,  it has been reported that NaOCl causes complete cellular dissolution  by hydrolysing the 
cell proteins and partly by drawing fluids out of cells because of hypertonicity (Moorer and 
Wesselink, 1982), possess strong antibacterial (Whitten et al., 1996) and oxidative effect (Pashley et 
al., 1985).  
NaOCl treatment alone was found to be less effective than ‘NaOCl with HIFU’ group. This finding 
was in support of previous studies which have shown that the use of conventional irrigation ie NaOCl 
alone, fails to completely eradicate bacterial biofilm (Bystrom and Sundqvist, 1985b). In addition, 
ultrasound leads to de-agglomertion of bacterial cells in biofilm. This renders the dispersed planktonic 
bacteria more susceptible to the antibacterial activity of NaOCl (Joyce et al., 2003). Furthermore, 
cavitation assists in transient weakening of the bacterial cell membrane, in turn allowing NaOCl to 
permeate the membrane (Ohl et al., 2006; Rau et al., 2006). 
 
EDTA treated groups were found to be less efficient compared to NaOCl treated groups and large 
numbers of adherent bacteria (live) were present when EDTA was used as an irrigant with or without 
HIFU in this study compared to NaOCl treated group. This could be due to the demineralizing effect 
of EDTA on dentin which exposes collagen and forms an ideal substrate for E. faecalis adherence 
(Makinen et al., 1989). In addition, the weak potential of EDTA antimicrobial effect has been shown 
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previously (Gulabivala et al., 2005). Our finding is in support of a previous study (Dunavant et al., 
2006) which demonstrated that the EDTA-containing irrigants such as Smear Clear  and Redta  had 
lower E. faecalis killing potential than NaOCl, although they did not evaluate biofilm disruption.  
Based on the overall discussion of our findings; the null hypotheses i.e. ‘HIFU has no effect in 
removal and killing on E. faecalis biofilm attached to different substrates i.e. petri dish, root dentin 
discs and root canal’ and ‘HIFU has no synergistic effect in conjunction with chemical irrigants such 
as NAOCl/EDTA on the removal and killing of bacterial biofilm’ are rejected. 
There are a number of limitations in this study which need to be addressed. The transducer used in 
this study was 64mm in diameter which limits the clinical application of the current setup. In addition 
to this, we used dentine substrate to enhance the clinical potential of our study. However, use of 
dentine substrate has tooth to tooth variation and anatomical complexity.  Furthermore, the dentinal 
tubules of an extracted tooth are empty of any dentinal fluid and are certainly different from the real 
clinical situation in which tubules are normally filled with dentinal fluid which influence adhesion and 
adaptation of the bacterial biofilm.  
Only one species of bacteria was used in this study. However, in the oral cavity, polymicrobial 
biofilm is normally present. Therefore, it is important to analyse the effect of HIFU on a 
polymicrobial setting as biofilm formation characteristics demonstrated by monospecies bacterial 
strain are different when grown in mixed biofilm.   
Temperature measurements were done only on the petri dish for the HIFU treatment which is not the 
best representative of temperature changes within the root canal in real time. It will be interesting to 
mount a thermostat within the HIFU setup in future studies to have an idea of actual temperature 
changes in the root canal.  
Experiments on extracted roots does not depict the actual root environment as the root canal system is 
surrounded by periodontal structures with aveolar bone, cementum and gingiva and has a collateral 
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blood supply. These factors should be taken in consideration as to the effect of HIFU on these 
surrounding structures.  
HIFU may also cause some effects on the root canal dentin structure and effect on the mechanical 
properties of root dentin. Further studies need to be explored in the complex and variable root canal 
system which would provide a greater insight into the effectiveness of HIFU as a disinfection 
technique. 
Fluid dynamics changes with the dentin substrate which needs to be addressed. Finally, the challenge 
is in the translation of the instrumentation to a viable form for use intraorally and to extend its use in 
clinical studies. 
 
Beside these limitations, HIFU has great clinical potential for future application. The task of 
disinfecting the root canal system has been a focus of great interest in endodontics and is one of the 
most important challenges in root canal therapy. The potential for HIFU to reduce bacterial biofilm 
considerably from complex root canal structure will result in reduction of secondary endodontic 
infection.  The in vitro results are in support of the idea that the application of HIFU in adjunct with 
irrigants can potentially be used as a novel technique for future clinical application.  
Other applications of HIFU in other fields of dentistry include its potential for use in maxillofacial 
surgery for target removal of head and neck oral squamous cell carcinoma. HIFU can be proposed as 
an alternative or adjunct treatment option for the clinical conditions like peri-implantitis where 
biofilm removal is considered as a tough challenge. In periodontics, the interaction of HIFU with 
dental hard tissues like dentin and cementum could be of potential significance for dentin surface 
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7 Chapter VII: Conclusions  
Within the limitations of this laboratory study, the following conclusions can be drawn: 
 High intensity focused ultrasound showed bactericidal effects on E. faecalis planktonic 
suspensions. 
 As the HIFU exposure time was increased, a significant bactericidal effect on planktonic 
suspensions was found. 
 HIFU demonstrated removal and bactericidal effects on 2-week old E. faecalis biofilm 
grown on both petri dish and root dentin substrates. 
 With increasing HIFU exposure time on 2-week old E. faecalis biofilm, an enhancement 
in removal and bactericidal effects on the biofilm was observed. 
 The bactericidal effect of HIFU on 2-week old E. faecalis biofilm was synergized with 
NaOCl irrigation.  
 
 







Future    perspectives 
                                                                                                                                            Bibliography                                                                 
91 
 
8 Chapter VIII: Future perspectives 
 This research shows the removal and bactericidal effects of HIFU on E. faecalis biofilms on petri 
dish and root dentin surface.  
 Further research on biofilm models using mixed bacterial community isolated from primary 
and secondary root canal infections better simulate the clinical scenario.  
 Different parameters of HIFU such as amplitude, fluid properties, volume of irrigant, burst 
mode of ultrasound should be explored to maximise the potential of this concept. 
 Owing to its focused effect with minimal damage to the structures surrounding the root canal, 
HIFU could be of potential to be applied in endodontics. This could involve the development 
of a transducer prototype which is small enough to be attached to a file to be inserted into the 
canal.  
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